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In this thesis, a miniature electron impact gas ion source is developed, for 
the application of sub-10 nm resolution proton beam writing (PBW). The 
current PBW system in the Centre for Ion Beam Applications (CIBA) at 
National University of Singapore (NUS) is approaching sub-10 nm feature 
size. Compared to electron beam lithography (EBL), the current PBW is ~ 20 
times slower in writing speed and ~10 times larger in feature size. Further 
improvements of the writing speed and resolution are limited by its existing 
radio-frequency (RF) ion source, which has a reduced brightness of 10-30 
A/m2SreV and an energy spread of about 10 eV. This thesis aims to develop a 
high brightness ion source based on the concept of a nano-aperture ion source 
(NAIS) reported by the Charged Particle Optics group at Delft University of 
Technology (CPO-TUD).  
The NAIS concept is to project a focused electron beam through an 
entrance nano-aperture of a miniature ionization chamber filled with gas. Ions 
are generated by electron impact gas ionization, and extracted out through an 
exit nano-aperture. A DC chip bias is applied between this double-aperture to 
assist the ion extraction. The diameter of the double-aperture is designed to be 
~ 100 nm, comparable to the diameter of a focused electron beam at low beam 
energy (~ 1 keV). The ion source is thus expected to have a virtual source 
diameter of less than 100 nm. Ion optics simulations carried out in this thesis 
examines the ion optics with accurate ion trajectory plotting from source up to 
extraction region, which is critical in determining the source brightness. The 
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simulation results predicted that this type of ion source can have a virtual 
source diameter of as small as 20 nm, using a conventional field emission 
Scanning Electron Microscope (SEM) as the injecting electron beam. The 
simulation results predicted that NAIS ion source reduced brightness would be 
at least 4-5 orders of magnitude higher (105-106 A/m2SreV) than the present 
RF ion source, and an 1 order of magnitude smaller energy spread, with 
Coulomb effects included. 
 NAIS ion source chips were successfully micro-fabricated using Integrated 
Circuit technology. Experiments to measure the ion source total output current 
and reduced brightness were set up inside a field emission SEM chamber, 
using the SEM primary beam as the injecting electrons. With a preliminary ion 
source test setup, the ion source produced a total output current of 300 pA for 
argon ions and 50 pA for helium ions. The ion source reduced brightness for 
argon ions was estimated to be ~750 A/m2SreV, with an ion virtual source 
diameter of ~400 nm, limited by the relatively low brightness (~880 A/m2SreV) 
SEM electron beam. With possible improvements in the ion source chip 
design and injecting electron beam brightness, the ion source reduced 
brightness measured in future experiments is expected to be close to the 
simulation prediction of 105-106 A/m2SreV. 
The development of this high brightness NAIS ion source in this thesis has 
led to the design of a compact 200 kV PBW system. Using this NAIS ion 
source, PBW is expected to achieve a beam resolution smaller than 10 nm, 
with a beam current of a few pA. This compact PBW system will be 
comparable with EBL in both writing speed and feature size, but will have the 
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advantage of being able to write high aspect-ratio nano-structures in photo-
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Proton beam writing (PBW) is a direct-write lithographic technique 
utilizing fast protons (MeV) focused into a nano-size beam. Due to the large 
mass ratio of proton to electron, the energy transferred from the 0.1 to 3 MeV 
proton to an electron in photo-resist is low and these electrons typically stay 
very close (1 to 4 nm) to the ion track while exposing the resist [1]. With this 
advantage of being proximity effect free, PBW has been demonstrated to write 
three-dimensional high aspect-ratio nano-structures in photo-resist [2-4]. PBW 
with a beam resolution 9 nm × 32 nm has been recently achieved using 
quadrupole lenses focusing a MeV beam in CIBA-NUS [5]. Compared to 
other nano-lithography technologies, such as the Electron Beam Lithography 
(EBL) [6, 7], PBW has a relatively slow writing speed and low beam current 
(of only ~0.01 pA) at 10 nm level beam resolution. The possibility to approach 
sub-10 nm feature size fast PBW is limited by the current radio-frequency (RF) 
ion source, which has a reduced brightness of 10-30 A/m2SreV [8-11]. 
Conventional ion sources used in MeV nuclear microprobe systems are 
reported with similar or lower source brightness than the RF ion source. They 
include the duoplasmatron [12, 13], filament cathode multicusp [14-18] and 
cold Penning ion source [19, 20]. They typically have energy spreads between 
10-100 eV [8]. A much brighter ion source is required to improve the PBW 
beam resolution to sub-10 nm and have beam currents in the pico-ampere (pA) 
range. 
An electron gas impact ion source has been reported by the Charged 
Particle Optics group at Delft University of Technology (CPO-TUD) [21]. The 
concept of this nano-aperture ion source (NAIS) is to focus a high brightness 
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electron beam into a miniature ionization chamber. The electron entrance 
aperture and ion exit aperture of this ionization chamber are designed to be 
small (diameter ~ 100 nm), thus the ion source is expected to have a virtual 
source diameter of less than 100 nm, about 4 orders of magnitude smaller than 
the RF source. The ion source reduced brightness is expected to be about 106 
A/m2SreV, about 4-5 orders of magnitude higher than the current RF source. 
The ion source energy spread is predicted to be only about 1-2 eV, a factor of 
20 times smaller than the RF sources. This type of NAIS ion source is 
developed and examined in later sections of this thesis. Results from ion optics 
simulations and preliminary experiments carried out in this thesis will 
demonstrate that the NAIS in source is feasible with potential advantages for 
PBW applications. 
1.1 Introduction to Proton Beam Writing 
1.1.1  Proton beam writing facility in CIBA, NUS 
Proton beam writing (PBW) is a direct-write lithographic technique for 
three-dimensional nanofabrication, capable of writing high aspect-ratio 
(height/ width) nano-structures in photo-resist like poly-methyl methacrylate 
(PMMA) and hydrogen silsesquioxane (HSQ) [2-4]. A MeV proton beam 
writing system has been developed at the Centre for Ion Beam Applications 
(CIBA) of National University of Singapore (NUS), attached to a 3.5 mega-
volt (MV) HVEE (High Voltage Engineering Europa) SingletronTM ion 
accelerator [22], which is usually used for the applications of nuclear 
microprobe (NMP), shown in Fig. 1-1. 




Figure 1-1. Proton beam writing (PBW) system in a 3.5 MV HVEE single-
ended accelerator, in CIBA-NUS. Adapted from Ref [23]. 
Ions (e.g. H+ or H2+) are extracted (a few 10 µA) from the ion source and 
accelerated to 1-2 MeV beam energy. The mass analyzing magnet selects ions 
of different mass and charge, focusing ions to a cross-over at the object slits 
plane, with a typical ion beam current of a few µA. Either H+ or H2+ can be 
selected for PBW. The opening size of the object slits (4 sets, made of 
tungsten carbide) is small (e.g. 7 µm × 3 µm in X and Y directions 
respectively), which is set as the object for the quadrupole focusing lenses. 
The angular slits have a typical opening size of 30 µm × 30 µm, removing the 
off-axis ions and scattered ions. Ion beam current of 10 fA –100 pA is focused 
by three quadrupole lenses into the end station chamber (currently in Spaced-
triplet configuration [24]) (Fig. 1-2). 
The second generation PBW system is recently progressing towards sub-10 
nm lithography in experiments [5, 25]. Proton beam (current of ~13 fA) with 
full width at half maximum (FWHM) resolution of 9 nm ×32 nm has been 
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achieved [5]. The beam FWHM width was obtained using scanning 
transmission ion microscopy (STIM) off-axis scan at a 0.5 µm thick nickel 
resolution grid, fabricated by PBW and Ni electroplating [26]. 
 
Figure 1-2. The second generation Proton beam writing (PBW) system in 
CIBA,NUS. 
 
Figure 1-3. 2nd generation PBW beam resolution test by beam line scaninng 
on a 0.5 µm thick Ni grid target.  Adapted from Ref [5]. 
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1.1.2  Applications of PBW 
PBW has potential for many nano-lithography applications. It has the 
advantage of proximity-free fabrication of high aspect-ratio 3D nano-
structures in photo-resist. A fast proton traveling through a polymer (e.g. 
PMMA) mainly loses its energy through proton-electron interactions, due to 
the fact that the probability of electron scattering is 4 orders of magnitude 
higher than nuclear scattering. Owing to large proton-to-electron mass ratio, 
the energy transfer in every proton-electron collision is very small. This 
proton-electron collision has very limited effect on a proton trajectory (lateral 
broadening). On the other hand, a proton could collide with many thousands of 
electrons. The energy transferred to the PMMA electrons results in polymer 
chain scission. MeV protons are therefore more efficient per particle than 100 
keV Electron Beam Lithography (EBL) in PMMA lithography, as PBW needs 
about 100 times lower exposure dosing (about 100 nC/mm2) [2, 6]. Ion energy 
loss scattering is only significant for proton energy loss at the end-range 
before it come to rest. As shown using Monte Carlo calculations in Fig. 1-4, a 
2 MeV proton beam can penetrate about 60.8 µm deep in PMMA, with a beam 
broadening of only 3 nm at 1 µm depth  and an end-range beam broadening of 
about 2 µm [3].  




Figure 1-4. Monte Carlo simulation of nano-lithography beams trajectories in 
PMMA. Proton trajectories are simulated using sofware SRIM [27]. Electron 
trajectories are simulated using sofware Casino [28]. Xray and EUV 
trajectories are simulated using sofware GEANT4 [29]. Adapted from Ref [3]. 
The feature size in photo-resist nano-lithography depends not only on the 
beam resolution, but also the lateral energy broadening due to the interactions 
of the incoming ions and material electrons. The Monte Carlo calculated 
lateral energy depositions (proximity effect) in a 500 nm and 5000 nm thick 
PMMA for both 1 MeV protons and 100 keV electrons are shown in Fig. 1-5, 
The MeV proton beam has minimal proximity effect, with the lateral energy 
deposition dropping to 10-7 within ~ 10 nm from its original track at 500 nm 
depth in PMMA, while the lateral energy deposition drops to 10-6 in the case 
of 100 keV electrons (Fig. 1-5 a & b) [1]. A MeV proton beam can penetrate 
the 5000 nm PMMA with beam broadening within 20 nm, while 100 keV 
electrons are greatly scattered (Fig. 1-5 c & d).  
 




Figure 1-5. Monte Carlo simulation of nano-lithography beam trajectories in 
PMMA, with lateral energy depostion pattern of 1 MeV protons and 100 keV 
elelctrons along path (a-b) 500 nm and (c-d) 5000 nm in PMMA. Adapted 
from Ref [1]. 
 
Figure 1-6. SEM images of high aspect-ratio festures by Ni plating and  PBW. 
(a) Ni walls after PBW and Ni elelctroplating, and (b) PBW walls  in HSQ. 
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This unique feature gives PBW the advantage of writing high aspect-ratio 
nano-structures in photo-resist, compared to other nano-lithography 
technologies, such as Focused Ion Beam (FIB), EBL and Extreme Ultraviolet 
lithography (EUV). It is currently capable of writing nano-structures with 19 
nm resolution in photo-resist (e.g. HSQ) with a surface roughness of less than 
3 nm root mean square (rms) and an aspect-ratio of up to 160 [2, 30]. PBW 
has been demonstrated in applications including fabricating metal injection 
molds with high aspect-ratio structures [2], X-ray masks for LIGA processes 
[31], nano-fluidic lab-on-chip devices for DNA study [32], and whole cell 
MeV ion imaging with proton-induced fluorescence (PIF) currently under 
study [33]. Fig. 1-6-a shows Ni walls with an aspect-ratio of ~70, electroplated 
from PBW written grooves in PMMA.  Fig. 1-6-b shows 19 nm PBW written 
lines in 100 nm thick HSQ. 
In CIBA-NUS, a compact PBW system is currently under development for 
a 200 keV ion lithography machine. The aim of this compact PBW system is 
to build a fast direct-writing tool with feature size < 10 nm, comparable to 
EBL in writing speed, and capable of writing high aspect-ratio nano-structures 
in 200-300 nm thick photo-resist.  Monte Carlo calculations using the software 
Stopping and Range of Ions in Matter (SRIM) [27] show that the lateral beam 
broadening is less than 10 nm for a 200 keV proton beam passing through a 
300 nm thick PMMA resist (Fig. 1-7). The proximity effect is also expected to 
be minimal. For example, the energy transferred to the excited PMMA 
electrons from a proton (500 keV) penetrating 500 nm deep decays to 10-6 
within 2 nm of the original proton track [1]. With ion energy deposition range 
of about 1-2 nm, 200 keV PBW is capable to write features of sub-10 nm in 
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300 nm thick PMMA resist. Details about design and evaluation of the 
compact PBW system will be discussed in chapter 5.  
 
Figure 1-7. SRIM simulation results of 100 and 200 keV proton beam 
trajectory broadening at various depth in PMMA. 
However, improvements in the current PBW or future compact PBW beam 
resolution and writing speed are limited by the low brightness radio frequency 
(RF) ion source (10-30 A/m2SreV) currently used in single-ended MV 
accelerator NMP systems [8-11]. Although higher brightness can be achieved 
as ~70 A/m2SreV, this reduces the source lifetime significantly as found in 
CIBA-NUS.  
1.2 Ion sources in single-ended MV accelerators 
1.2.1  RF ion source in single-ended MV accelerators 
Radio frequency (RF) ion sources are commonly used to provide proton 
and helium ion beams for lithography and nuclear microprobe applications in 
single-ended MV accelerators (Fig. 1-8).  




Figure 1-8. RF ion osurce schematics with acceleration tube in the HVEE 
Singletron accelerator.  
The ion source sits at the accelerator terminal (e.g. VT = 1 MV). With 
hydrogen or helium gas filled in the source quartz bottle, the gas molecules are 
ionized by a 70 MHz radio frequency electric field, supplied by two 
capacitively coupled RF power clips at the source bottle. A tungsten probe is 
positively biased (e.g. VP = +1 kV) with reference to VT, forming a plasma 
inside the source. On the way to the positively biased probe, electrons are 
guided by four cylindrical permanent magnets placed beside the source bottle. 
Electrons move in helix trajectory paths to increase the electron-gas molecule 
collisions and the gas ionization is enhanced [10]. Positive ions are extracted 
through an exit canal (diameter = 1-2 mm) by the extractor (e.g. VE = -10 kV) 
placed behind the terminal, followed by the acceleration tube. The ratio of 
extracted ions (H+ / H2+) varies between 2-15, depending on the source bottle 
wall conditions [10]. Ions gain energy of 1-2 MeV at the grounded 
acceleration tube end. Due to the thermal energy of the plasma, ions extracted 
from the source typically have an energy spread (ΔE) of 10-100 eV, with a 6 
eV short-term ripple and a 20 eV/hr drift as measured in CIBA-NUS. 
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One of the most important characteristics of ion sources for lithogrpahy is 
reduced brightness (Br). It is defined as the current (I) from an area (AS) 
emitting into a volume with solid angle (Ω), normalized by the beam energy 
(Fig. 1-9).  
 
Figure 1-9. Schematic of  virtual ion source. Arrows represent the ion 
trajectory paths. 
For a RF ion source with extractor, ions are generated from a volume (e.g. 
the plasma sheath in front of the exit canal in RF ion source) and extracted by 
the negatively biased extraction voltage VE. Tracing the ion trajectories (line 
arrows in Fig. 1-9) back from the extractor plane, all ions seem to come from a 
limited area (named as the virtual ion source) with size AS with a solid angle Ω 
(shaded area in Fig. 1-9). Br is defined as  
 
where I is the ion beam current, AS is the virtual ion source size, Ω is the ion 
beam solid angle and VE is the ion beam energy at the extractor plane [34]. 
It is usually not practical to measure the virtual ion source size directly at 
the extractor plane in experiments. But the advantage of the definition of Br is 
that it is consistent throughout the ion optics system, from the ion source to the 
𝐵𝑟 = 𝐼𝐴𝑆𝛺𝑉𝐸  (A/m2SreV)                                   (1.1)     
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final image plane, independent of apertures, change of beam energy or 
focusing lens along the beam line. Therefore, the ion beam Br is usually 
measured at the image plane where the lens focuses the ion beam into an 
image. If the contributions from aberrations and diffraction are much smaller 
compared to the image size, then this measured ion beam Br is very close to 
the source Br. With the knowledge of Br, it is useful for ion optics design to 
estimate the final probe size. 
  In the current PBW system, the beam Br is measured by setting the object 
slits and angular slits after the mass analyzing magnet (Fig. 1-1), which has a 
double-focusing effect to focus the ion beam into a cross-over at the object 
plane. The incoming beam cross-over diameter is usually > 1 mm, which will 
be further cut by the object slits to Ao < 10 µm × 10 µm. The angular aperture 




where I is the ion beam current measured at the image plane, Ao is the object 
slits opening size, Aa is the angular slits opening size, Ω is the ion beam solid 
angle, L is the distance between the object and angular slits, and VT is the ion 
beam energy at the image plane (e.g. 1 MeV) [35]. Typical beam reduced 
brightness obtained using the RF ion source is shown in Table 1-1 for beam 
line operation in CIBA-NUS. It should be noted that there are many ways of 
defining the reduced brightness in accelerator physics (MeV) and electron/ion 
microscopy physics (30-100 keV). The original Br definition from Ref [35] 
𝐵𝑟 = 𝐼𝐴𝑜𝛺𝑉𝑇 ≈ 𝐼𝐴𝑜 𝐴𝑎𝐿2 𝑉𝑇 (pA/ µm2mrad2MeV = A/m2SreV)     (1.2)    
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defines VT as the ion beam energy with unit eV, hence Br unit is pA/ 
µm2mrad2MeV. To be consistent in both unit and absolute value, the Br is 
defined as in Eq. 1.2 with unit as A/ m2SreV. 
  











slits L Br 
  (MeV) (pA) 
(µm × 
µm) (mm × mm) (m) A/m2SreV 
H+ 1 0.0128 7 × 3 0.03 × 0.03 6.34 27.2 
He+ 1.6 0.0024 5× 1 0.03 × 0.03 6.34 13.4 
H+ 2.1 80 60 × 20 0.3 × 0.1 5.65 33.8 
Table 1-1. Typical ion beam reduced brightness measured for the RF ion 
source in CIBA-NUS. The beam brightness is measured at different beam 
lines from Fig. 1-1 with different L. H+ ion is used for lithography and He+ ion 
is used for bio-cell imaging. The object slits open size has a setting accuracy 
of a few µm, due to the transparent zone at the slits edges [36].  
The spaced-triplet quadrupole lens system (Fig. 1-2) has a demagnification 
of about 800 × 120 in X and Y respectively. The RF ion source Br is measured 
to be 10-30 A/m2SreV, which limits the beam spot size at the image plane 
from reaching sub-10 nm in both X and Y. The source brightness was reported 
higher with para-axial regime of the beam selected [11]. In practice the object 
slits can be set as small as 2 µm × 2 µm to obtain a very small image size, but 
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the beam current would be low (~fA). In addition, the quadrupole lens’s 
chromatic aberration also limits the final beam resolution. With the beam 
energy spread ΔE > 20 eV, the beam size cannot be better than 9 × 32 nm2 [5]. 
1.2.2  Other ion sources in MV accelerators  
There are other ion sources besides the RF ion source used for single-ended 
MV accelerators, e.g. duoplasmatron ion source, filament cathode multicusp 
ion source, and cold Penning ion source, as reported by research groups using 
single-ended MV accelerators manufactured by the two major suppliers HVEE 
(High Voltage Engineering Europa) and NEC (National Electrostatics 
Corporation) Pelletron. These ion sources are designed with Br = 100-1000 
A/m2SreV for negative ions (e.g. H-). For positive ions (H+, He+ and Ar+), the 
ion source Br is only about 10-20 A/m2SreV. 
Duoplasmatron ion source: This source is based on plasmatron ion source 
but with an extra intermediate electrode, usually made of soft iron. The name 
duoplasma comes from the fact that the source has regions of different plasma 
densities separated by the intermediate electrode (Fig. 1-11). The ionization of 
hydrogen gas inside the ion source is by the electrons from the cathode 
filament. Plasma is formed between the cathode and anode. The intermediate 
electrode has a tip diameter of a few millimeters, concentrating magnetic flux 
of the magnet, enhancing ions density in the anode region. Positive and 
negative ions are generated simultaneously, and can be selected subsequently 
by the extraction electrode.  




Figure 1-11. Schematic of  a duoplasmatron ion source. Image from Ref [12]. 
Duoplasmatron ion sources manufactured by both HVEE and NEC have 
been reported for Br measurement. It is commonly used as negative ion source 
(H-) for 1-7 MV tandem accelerators. The negatives ions are accelerated from 
the ground potential to a positive MV potential, where positive H+ ions are 
generated with gas stripping of the H- ions, and then positive H+ ions are 
accelerated to MeV beam energy. The HVEE Model 358 duoplasmatron ion 
source has been reported to produce a  3 MeV H+ ions with Br of 2.5 
A/m2SreV with an energy spread of about 15 eV [13]. With positive H+ ions 
directly extracted from an NEC duoplasmatron ion source, a 3 MeV H+ Br of 
10 A/m2SreV was reported [12]. 
Filament cathode multicusp ion source: This ion source is also used 
mainly as negative ion source (H-) for 1-7 MV tandem accelerators, and 
subsequently positive H+ ions can be generated with gas stripping of the H- 
ions. The ion source by HVEE has a H- Br reported as 20-45 A/m2SreV, and a 
2 MeV H+ beam Br is reported as 10-20 A/m2SreV [9, 14-16] after charge 
stripping and accelerating.   




Figure 1-12. Schematic of  a multicusp ion source. Image from Ref [17]. 
There has been research reported using this source as positive ion source 
with H+ directly extracted. The reported Br is about 10-20 A/m2SreV [17, 18]. 
The advantage of multicusp ion source is its lower energy spread (1-3 eV), due 
to the magnetic filtering field before the extractor (Fig. 1-12). Electrons 
emitted from the tungsten cathode filament ionize gas filled in the source (e.g. 
hydrogen), with the source side wall as the anode. To keep the ionization 
plasma from the wall, permanent magnets are placed around the wall with 
alternating polarities to confine the plasma. Ions are extracted by the extractor 
electrode, filtered by a magnetic filtering field in front of the extraction region.  
Cold Penning ion source: This source is used to generate both positive 
ions and negative ions [20]. The advantage of this type of source is that it can 
be used to generate multiple charged ions (e.g. Arn+, Krn+ and Xen+, typical n= 
1-15) and metal ions (e.g. Mgn+, Aln+ and Tin+, etc., typical n= 1-8) [19]. The 
source Br for H+ is similar to duoplasmatron ion source, as stated by HVEE but 
with a larger energy spread (~60 eV) than RF, duoplasmatron and multicusp 
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ion sources [8]. Therefore it is not suitable for sub-10 nm ion beam 
lithography applications [5]. 
A good summary of the worldwide major MV accelerators ion beam Br is 
given by Szymanski and Jamieson [11]. The highest reported beam Br is 
obtained by the RF ion source for paraxial MeV H2+ and H+ beam with beam 
divergence < 0.05 mrad. A recently updated summary is given by Pelicon et al. 
[16], with the highest reported H+ beam Br of 74 A/m2SreV highlighted and 
achieved in CIBA-NUS.  
The ion sources discussed in section 1.2.1 & 1.2.2 are summarized in Table 
1-2.  The lifetime of the ion sources depends inversely on the operation plasma 
density and brightness, typically from a few 100 hours to 1000 hours, due to 
cathode erosion or plasma deposition coating on the source wall. Usually the 
plasma discharge volume of the above ion sources is about a few mm × a few 
mm × cm, and the ion source size is determined by the extractor aperture size 
which is typically a few mm2. The sources Br is between 10-30 A/m2SreV.  
For a compact PBW system with beam resolution about 10 times smaller 
than the current PBW and beam current 10-100 times higher, an ion source Br 
of about 104 times higher is required [37]. The quadrupole lenses have a 
demagnification of from 10 to 200 for 200 keV proton beam, With the RF 
source size and brightness, it is difficult to focus the beam down to 10 nm. A 
higher brightness ion source with a virtual source diameter less than 100 nm 
and small energy spread of a few eV is crucial to make PBW a fast direct-
write lithographic technique [5]. 



























RF 250 1-4 >1000 10 10-30 
Duoplasmatron 1000 few ~1000 15 ~10 
Multicusp 200 >1  >500 2 10-20 
Cold penning  150 few >500 60 < 10 
Table 1-2. Ion sources characteristics summary for MV accelarator NMP. 
From Ref [19-34]. 
1.2.3  Other ion sources in development  
There are various types of ion sources developed to generate gas ions, metal 
ions, single-charged and multi-charged ions, for applications of low energy 
(30-50 keV) focused ion beam, MV linear accelerators, high energy  (GV) 
synchrotron particle accelerators [19, 20, 38]. Some ion sources have 
potentially higher Br than the ion sources in Table 1-2. Examples are given in 
this section with preliminary experimental results reported.  
RF inductively coupled plasma source: There are many varieties of RF 
ion sources owning to their stable output, long lifetime and capability of 
producing ions from various gases. A helicon RF ion source is reported by 
Mordyk et al. [39, 40], by placing a circular permanent magnet around the RF 
source bottle, with He+ and Ar+ ion Br of about 100 A/m2SreV measured on an 
ion source test bench, but no follow-up research has been reported afterwards. 
Another type is RF inductively coupled plasma source (RF-ICPS). RF-ICPS 
has the advantage of long lifetime (>>1000 hours) because of no electrode 
exposure to the plasma. Plasma power is attained by the inductively coupled 
magnetic field. Smith, et al. [41] from FEI company reported a RF-ICPS 
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developed for FIB application, with a Ar+ Br of about 5400 A/m2SreV, an 
energy spread of  about 10 eV and a source diameter of about 15 µm. 
Although its Br is lower than LMIS Br (105-106 A/m2SreV) at low beam 
current, it is demonstrated to overcome the LMIS FIB low brightness (< 1000 
A/m2SreV) limit at high beam current (>5 nA) for fast ion beam milling 
applications. Hydrogen or helium ion current however, is not reported.  
Penning surface plasma source: A Penning-type surface plasma source is 
reported by Guharay, et al. [42-44] with H- and O- ions for Secondary Ion 
Mass Spectrometry (SIMS) application, and Ar+ ion for FIB application. The 
obtained Ar+ Br is about 1000 A/m2SreV (about 10 times lower than that of H- 
from the same source), with an energy spread of ~ 4.5 eV and a source 
diameter of about 30 µm.  Hydrogen or helium ion current is not reported.   
Ultra-cold MOT ion source: A magneto-optical trap ion source is reported 
to produce ultra-cold ion beams (mainly Rb+, Li+ and Cr+, but He+ also can be 
generated) [45-47]. By employing three orthogonal laser beam to capture, 
excite and ionize the target atoms placed at the laser beams intersection, the 
ion beam generated has a very small intrinsic thermal energy spread (<< 0.1 
eV).  Limited by the laser beam capture rate of the neutral atoms, the total ion 
source output current is limited to ~ 160 pA for Cr+. The source diameter is 
measured to be about 400 nm, with Br of 104-105A/m2SreV, limited also by the 
Coulomb effects in the source region. Hydrogen or helium ion current is not 
reported.  
Gas field ionization ion source: Gas field ion sources (GFIS) have been 
studied from 1960s for ion microscopy applications, but the beam current is 
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found to be very sensitive to the gas-tip temperature and gas pressure 
fluctuation. Levi-Setti demonstrated a proton scanning beam using a GFIS, by 
filling hydrogen gas (10-4 torr) in a 100 kV SEM column [48]. Protons are 
generated at the tungsten tip (the SEM electron emitter) with ionization field 
strength of 1010 V/m, preferably with liquid nitrogen cooling (78 K). The 
proton Br is measured to be ~4×104 A/m2SreV with an energy spread of few 
eV and a beam current of ~50 pA.  
Due to the beam current instability and short lifetime, GFIS is not 
commonly used in FIB systems until the recent study of a helium GFIS 
developed by ALIS Corporation and commercialized by Carl Zeiss for its 
Helium Ion Microscope (HIM) [49]. Inside this GFIS, the tungsten tip has a 
facet (111) with three atoms. In a gaseous environment (e.g. helium), gas 
atoms are pulled towards the emitter tip by polarization force and captured by 
thermal accommodation and ions are generated by field surface ionization 
slightly above the emitter surface [34]. A low temperature (<100 K) is crucial 
to form firmly absorbed atoms on the emitter surface, thus liquid nitrogen 
cooling is needed. Br has been reported as 1×109 A/m2SreV with a resolution 
of 0.25 nm and an energy spread of ~1 eV [50]. Such an ion source gives very 
good performance for ion microscope in imaging and material inspection. 
However, the source emission current is low 1 fA – 800 pA, and helium has a 
low sputter yield, therefore not suitable for material removal application. For 
lithography applications, the 30-50 keV He+ beam is capable to fabricate 
features of 5 nm in 5 nm thick HSQ [51] with a beam current of about pA. The 
disadvantage of the HIM is that its He+ ion beam (< 50 keV) broadens faster 
than H+ ion beam (100-200 keV) in photo-resist (e.g 200 nm PMMA), owning 
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to its larger energy loss scattering cross-section. This particular source is only 
limited to helium and neon gas with their field ionization energy lower than 
the common impurities near the emitter tip. Neon gas has also been tested but 
neon atoms are more difficult to be absorbed to the emitter surface, resulting 
in much lower beam current (2 pA), a fast emitter erosion rate and shorter 
lifetime. 
1.3 Nano-aperture electron impact gas ion source  
To make PBW a fast direct-write lithographic technique with sub-10 nm 
feature writing resolution, a high brightness ion source is critical. Most of the 
ion sources discussed in section 1.2 are plasma based ion sources, with source 
brightness typically < 1000 A/m2SreV and energy spreads of a few to 100 eV, 
thus not suitable for sub-10 nm ion lithography. The limiting factors are the 
plasma thermal energy and plasma discharge volume of a few mm3 to cm3. A 
high brightness electron impact gas ion source is developed, based on the 
concept by the Charged Particle Optics group, Delft University of Technology 
(CPO-TUD) [21].  
1.3.1 The NAIS ion source concept 
The idea of an ion source by electron direct impact with gas is not new. 
Barth et al. [52] from CPO-TUD have developed an ion source consisting of 
electron column and magnetic mirror system to deliver an electron beam (spot 
size ~1 µm) to ionize Ar gas at room temperature. Electrons from the electron 
column are focused onto a small tungsten sphere, and then the emitted 
thermionic electrons are accelerated and focused by the magnetic mirror 
system to a streaming Ar gas with an entrance angle of 0-2π. This study found 
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that a micro size ionization chamber and high electron beam current are 
required to achieve ion source reduced brightness of 104 A/m2SreV.  
Following up on this concept, Jun, et al [21] from CPO-TUD moved on to a 
nano-aperture electron impact gas ion source (NAIS). The idea of this NAIS 
ion source is to introduce a focused electron beam into a miniature ionization 
chamber through a nano-aperture. Ions are extracted out through another nano-
aperture. The double-aperture is designed with small diameter (e.g. D=100 
nm), (Fig. 1-13). The ionization chamber is miniaturized to provide a small 
ionization path (e.g. l = a few 100 nm) and ionization volume, therefore the 
expected ion virtual source size is small (following the injecting electron beam 
spot diameter, typically < 100 nm). Once ions are produced inside the gas 
chamber by electron impact, they can be extracted through the nano-aperture 
by applying a small DC bias (VCb) across the gas chamber, and followed by a 
negatively biased extractor (VExt). 
 
Figure 1-13. Schematic concept of  the NAIS ion source. 
Prototypes of the miniaturized ionization chamber have been fabricated [53] 
and preliminary experiments validating this ion source concept are studied 
using a field emission scanning electron microscope (SEM). The  reported ion 
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total output currents are about 180 pA and 50 pA for argon and helium ions 
respectively, produced from a ~14 nA injecting electron beam (1 keV) into an 
ionization chamber with double-aperture D = 1.5 µm and ~2.3 µm spacing.  
The inlet gas pressure for the above measured current was 240 mbar for argon 
and 400 mbar for helium. 
1.3.2. Brightness estimation of the NAIS ion source  
The ion beam current Iion obtained from this electron impact gas ion source 
is a function of the injector electron (electrons number Ne or electron current 
Ie), ionization path length l, electron impact gas ionization cross-section σ, and 
the gas particle number N (or gas pressure P). From the definition of the 
electron impact gas ionization cross section [54], the obtained ion Nion is 
                              (1.3)  
and the ion current density Jion extracted from the ion source can be expressed 
as   
          (1.4) 
where Je is the injecting electron current density, N is the gas molecular 
density, l is the electron ionization path length and σ is the electron impact gas 
ionization cross section.  
Theoretically, the output ion current is expected to monotonically increase 
with the inlet gas pressure and electron ionization path length (by Eq. 1.3). 
However, experimentally it is observed that the ion current drops after 
reaching an optimal value [21], due to the collision between ions and gas 
molecules. Therefore the gas inlet pressure should have some upper limit, 
𝑁𝑖𝑜𝑖 = 𝜎𝑁𝑒𝑁𝑁 
𝐽𝑖𝑜𝑖 = 𝜎𝐽𝑒𝑁𝑁 
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which can be set such that the gas molecular mean free path λ is comparable to 
the double aperture spacing l (i.e λ ≥ l). The gas mean free path is given by, 
           (1.5) 
where k is the Boltzmann constant and T is the temperature of the gas, P is the 
gas pressure and Dgas is the gas molecular diameter (e.g. 0.354 nm for 
hydrogen [55]). From Eq. 1.3, and 1.4, by setting λ=l, the ionization efficiency 
η for a particular gas specie is shown in Eq. 1.6. 
(1.6) 
  
For example, if λ is considered to be 300 nm, then the optimal gas inlet 
pressure is ~40 mbar.  
The total and partial electron impact gas ionization cross-sections σ are well 
studied both experimentally and theoretically for various types of gases, as a 
function of the injection electron beam energy [54, 56-59].  An example is 
given in Fig. 1-14 showing the theoretically predicted total electron impact gas 
ionization cross-sections σ(H2+, H+) for hydrogen gas at various electron beam 
energy. The total σ(H2+, H+) of hydrogen gas has a peak at about 50 eV. The 
partial σ(H+) has also been studied as a function of the electron beam energy, 
for 25 to 1000 eV electron beam. For example, with 1 keV electron beam, total 
σ(H2
+, H+) for hydrogen gas is experimentally measured as ~2.0×10-21 m2 by 
Straub. et al [54], whereas the partial electron impact gas ionization cross-
section σ(H+) is 1.2×10-22 m2. The ionization efficiency for H2+ and H+ is then 








√2𝜋𝐷𝑔𝑎𝑔2   





Figure 1-14. Calculated electron impact gas ionization total cross section of H2 
as a function of electron kinetic energy. Adapted from Ref [57]. 
If the NAIS is treated as a thermionic ion source with small beam 
divergence, we can express the ion beam reduced brightness Br as in Ref [60], 
         (1.7) 
where e is the electron charge, k is the Boltzmann constant and T is the room 
temperature of the ions (assumed to be 298 K). Combining Eq. 1.4, 1.6 & 1.7, 
to have 
          (1.8) 
Both the electron impact gas ionization cross-sections σ and the injecting 
electron current density Je are functions of the electron beam energy. In 
general, the electron current density increases with increasing electron beam 
energy, while the ionization cross-section is inversely proportional to electron 
impact energy. The optimum impact energy would be in the range of 50 eV to 
 
𝐵𝑟 = 𝐼𝑖𝑜𝑖𝐴𝑜𝛺𝑉𝑇 ≈ 𝑒𝐽𝑖𝑜𝑖𝜋𝑘𝑘  
𝐵𝑟 = 𝑒𝜋𝑘𝑘 × 𝜎𝐽𝑒√2𝜋𝐷𝑔𝑎𝑔2 ≈ 2.79 𝜎𝐽𝑒𝐷𝑔𝑎𝑔2  
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1 keV, depending on the injecting electron column optical properties. 1 keV is 
the most commonly available beam energy rather than 100 eV in conventional 
SEM machines. Following the analytical calculation by Kruit, et al. [61], the 
current density and brightness are analyzed for 1 keV electron beams from 
different electron emitters (see Appendix-1). The 1 keV electron beam FW50 
(Full-Width containing 50% of the beam current) diameter from a Schottky 
emitter is assumed to be 50-60 nm (standard deviation = 25 nm), with 
preferably maximum electron beam current density Je of ~3×108 A/m2 and a 
reduced brightness of 5×107 A/m2SreV. Therefore, using Eq. 1.8, the ion 
source Br can be estimated as about 3×106 A/m2SreV for H2+ and about 3×105 
A/m2SreV for H+, using a conventional field emission SEM as the injection 
electron beam. The estimated ion source Br is about 107 A/m2SreV for Ar+ ion 
[21]. 
The source energy spread is expected to be mainly determined by the bias 
voltage (VCb) across the double-aperture. Therefore small double-aperture 
spacing (~ 100 nm) is preferred to have a maximum driving electric field 
inside the ionization chamber, with VCb ≤ 1 V. The contributions from 
Coulomb interactions is expected to have limited effects on the source energy 
spread and brightness, up to an ion source total output current of 2 nA [21]. 
Simulation in chapter 2 will discuss the NAIS ion source with more details.  
1.4 Summary 
  PBW has shown potential as a direct fast sub-10 nm lithography tool to 
write high aspect-ratio nano-structures in photo-resist. Its resolution and 
writing speed is currently limited by the low brightness RF ion source. Ion 
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sources for MV accelerator nuclear microprobes have been reviewed. 
Conventional plasma type ion sources usually have a limited Br about 100-
1000 A/m2SreV and an energy spread of a few to 100 eV.       
The concept of a nano-aperture electron impact ion source (NAIS) has been 
introduced. Its source Br is theoretically estimated as about 106-107 A/m2SreV 
and energy spread is 1-2 eV. In chapter 2 of this thesis, the NAIS ion source 
will be simulated using charged particle optics software. The source reduced 
brightness and energy spread will be calculated including Coulomb 
interactions. 
The ion source reduced brightness strongly depends on the choice of the 
injecting electron beam, the double-aperture ionization chamber layouts, the 
gas inlet pressure and ion extraction design. Therefore, the crucial parameters 
to be evaluated in designing the ion source for optimal proton reduced 
brightness, are (i) the electron beam current density vs. the electron beam size, 
(ii) the inlet gas pressure and the gas delivery rate, (iii) the ionization chamber 
layout (double-aperture diameter and spacing), (iv) the ion extraction design 
(chip bias and extraction voltage) and (v) the Coulomb interactions. The above 
source parameters will be studied in this thesis in simulations and experiments 
(chapter 2-4). Lastly, a compact 200 kV PBW system design and performance 
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Chapter 2–NAIS ion source simulation and discussion 
The idea of an electron impact gas ion source NAIS has been introduced in 
chapter 1, with theoretical analysis and estimation about its total output current 
and reduced brightness. In this chapter, ion optics simulation results using the 
Integrated Engineering Software® Lorentz [62] and Coulomb effects 
calculations using Pulsar Physics General Particle Tracer (GPT) [63] are 
discussed, with the inclusion of the ion thermal energy, see Fig 2-1. The gas 
distribution pattern in and around the source double-aperture region is 
simulated using COMSOL Multiphysics[64]. The ion trajectories are 
simulated using Lorentz, from the ion source chip double-aperture up to the 
extractor. The virtual source position and size are obtained using ray back 
tracing from the extractor plane, as a function of chip bias, extraction voltage 
and various double-aperture ionization chamber layouts. The simulation 
results, with and without Coulomb effects, are presented in terms of the ion 
source reduced brightness and energy spread. The following simulations help 
evaluate the ion source and provide information about ion source design for 
future PBW applications. 
 
 Figure 2-1. NAIS ion source simulation steps. 
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2.1 The NAIS ion source simulation model 
2.1.1 The ion virtual source definition  
In practical electron or ion sources, charged particles are emitted from a 
surface of a small emitter (Schottky emitter and liquid metal ion source LMIS), 
or from a few points on a very sharp tip (Gas Field Ion Source of the Carl 
Zeiss Helium Ion Microscope), or from a volume (RF ion source and 
duoplasmatron ion source). In general the virtual source size can be 
significantly different from the emitter geometry size. For example, the 
Schottky emitter has a sharp tungsten tip diameter ~1 µm, with a facet 
diameter 300-500 nm. But the virtual source diameter is much smaller (10-50 
nm) [65]. The suppressor in the source unit restrains wide transverse angle 
electrons from reaching the extractor. By back tracing, the electrons with small 
divergence seem to come from a small plane behind the facet (Fig. 2-2).  The 
LMIS has a liquid metal (Ga) reservoir on a ~10 µm diameter tip, forming a 
very small cusp (e.g. diameter = 1.5 nm), with the source tip heated and an 
extraction field applied. But the ion virtual source diameter is about 50-80 nm, 
mainly due to the Coulomb effects in the source region  [66]. Information 
about the virtual source is important for optics design, as it is usually projected 
down to the final beam image or spot. 
The virtual source size and position also varies with the part of the beam 
that is selected, depending on the application [65]. For example, if a fine 
resolution beam is required, only the para-axial beam is used for probe 
formation at the sample plane, in which case the back projected virtual source 
size is very small. If a large current is required, the projected virtual source 
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size will be larger. This beam selection is achieved by the beam limiting 
aperture, usually placed just before the final lens. In the following ion source 
simulations, the virtual source size is back traced from the extractor plane. 
From this extractor plane, all extracted ion trajectories are back projected to a 
point where the ions appear to come from.  
 
Figure 2-2. The Schottky emitter tip (a) SEM image [65] and (b) the virtual 
source. 
2.1.2 Gas distribution in the ion source  
In the electron impact gas ion source NAIS, ions are generated not from a 
single plane but a small volume within the ionization chamber (referred to as 
the double-aperture ionization chamber in the following text). The possibility 
of ion generation at a point within this volume depends on the injecting 
electron beam energy, current density, and gas density distribution. The gas 
pressure (or density distribution) can be simulated using the computer 
programme COMSOL.  
A rotationally symmetric model was used in the COMSOL simulation to 
model the ion source chip (Fig. 2-3-a). The double-aperture membrane 
thickness Tm is set to be 100 nm, with a membrane spacing Ts = 100 nm and a 
double-aperture diameter D = 100 nm. 




Figure 2-3.The COMSOL gas pressure simulation at a D=100 nm double-
aperture ionization chamber. (a) & (b) initial boundary gas conditions, (c) gas 
leak flow, (d) gas pressure and (e) gas pressure along the Z-axis at centre of 
the double-aperture. 
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The gas inlet boundary is set to be 100 mbar hydrogen with a radius of 3.5 
mm (Fig. 2-3-a and b). This is an approximation, in practice gas flows to the 
double-aperture ionization chamber from a rectangular gas reservoir (7 mm × 
1 mm) with the double-aperture in the center. The vacuum boundary (pressure 
1× 10-6 mbar) is fixed at a diameter =0.1 mm, height=0.1 mm cylinder around 
the double-aperture ionization chamber (Fig. 2-3-a). The actual vacuum 
boundary in the experiment inside a SEM chamber is much further away from 
the double-aperture (> 0.1 m). But that requires impractically long simulation 
time. The COMSOL simulation results are presented in Fig. 2-3, with the gas 
distribution (pressure) in and around the double-aperture ionization chamber. 
Gas particles supplied at 3.5 mm away from the double-aperture ionization 
chamber with an inlet pressure of 100 mbar, travel along the gas channel in 
laminar flow. Gas particles leak through the double-aperture into the vacuum 
region along the Z-axis. The simulated leak velocity is presented in Fig. 2-3-c, 
driven by the pressure difference. This leak flow is actually a mixture of 
laminar flow and transient flow, but for simulation simplicity, it is assumed to 
be all laminar flow. Due to this gas leakage, there is a pressure drop along the 
100 nm thick gas channel, resulting in a ~70 mbar equilibrium gas pressure in 
the center of the double-aperture (Fig. 2-3-d). This gas pressure corresponds to 
a gas mean free path of about 170 nm. With such mean free path, gas atoms 
move freely out of the double-aperture ionization chamber without collision 
along Z-axis.    
There are 5 planes marked in Fig. 2-3-d. The simulated gas pressure in the 
radial direction along these planes varies with ±5%. The gas pressures at plane 
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1-3 are almost the same (65 ±5 mbar). Planes 4 and 5 are located just outside 
of the 100 nm thick membrane, where the gas pressure is simulated to drop to 
about 35 mbar, with a gas mean free path of about 340 nm. At 100 nm further 
away from this membrane, the gas pressure drops quickly to < 10 mbar, as 
shown in Fig. 2-3-e. The gas leakage tail extends to around ±150 nm in total 
(within which the gas pressure ≥ 50% of its value at plane 1). The pressure 
within the simulated small cylindrical vacuum chamber rises, but still 
maintains a value of 1× 10-6 mbar in most of the space far (50-80 µm) away 
from the double-aperture ionization chamber. Thus a good simulated vacuum 
level is maintained near the ion source. In general these simulated gas 
distribution results agree well with the experimental study carried out by 
Peatross and  Meyerhofer, who have a similar layout, which is about 200 times 
larger in size [67]. 
In the following simulation model, it will be assumed that ions are 
generated only within the double-aperture ionization chamber (plane 1-5). The 
ion density along the R-axis is approximately constant. The weights of ions 
generated at the planes 1-5 from the gas distribution simulation then can be 
assumed to be 1 (plane 1-3) and 0.5 (plane 4 and 5). These weights remain 
almost the same with varying the gas inlet pressure or for different double-
aperture ionization chamber layouts (D, Tm and Ts from 100 nm to 1 µm). 
The gas molecules may gain extra energy from the gas leakage flow driven 
by the pressure difference (Fig. 2-3-c). If this extra kinetic velocity remains 
when gas molecules are ionized, then the ions will have some extra initial 
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energy besides their thermal energy. The mean thermal energy can be 
calculated using the following equation [68],  
 
where Eth-m is the gas mean thermal energy, k the Boltzmann constant, T the 
gas temperature, m the gas molecular mass and vth-m the mean thermal velocity. 
The thermal velocity has a Maxwell-Boltzmann distribution, and the mean 
thermal energy is about 0.0385 eV, equivalent to a vth-m= 1780 m/s, for gas 
molecules at room temperature (298.13K).  Fig. 2-3-c shows that the simulated 
maximum gas particle leakage flow speed is only about 4 m/s, much smaller 
than the thermal velocity, and therefore is neglected. 
2.1.3 The ion trajectory simulation model including the ion thermal 
energy 
A rotationally symmetric simulation model in Lorentz is shown in Fig. 2-4. 
The double-aperture ionization chamber is located at Z= 0 mm (to the left side 
of Fig. 2-4-a, drawn not to scale), with the extractor end at Z= 2 mm, having a 
1 mm diameter hole to let ions pass through. A negative high voltage VExt (e.g. 
-10 kV) is applied to the extractor to extract ions, corresponding to an 
extraction field EExt of 107 V/m. With a double-aperture ionization chamber 
layout (Ts=D= 100 nm) consisting of two metal membranes (Tm = 100 nm), a 
DC chip bias VCb (e.g. 1 V) is applied (Fig. 2-4-b) between the two 
membranes, corresponding to a chip bias field ECb of 107 V/m.  Ions (H2+) are 
assumed to emit from planes 1-5. The ion initial energy is provided by the 
𝐸𝑡ℎ−𝑚 = 3𝑘𝑘2 = 3𝜋𝜋𝑣𝑡ℎ−𝑚28   (2.1)                             
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thermal energy, about 0.0385 eV at room temperature (298.13K). Ions are 
emitted randomly in all directions.  
 
Figure 2-4. The Lorentz ion source simulation model. (a) ion source double-
aperture at z=0 mm and extractor at Z= 1-2 mm. 20 equal potential lines are 
shown with VExt = -10 kV, and (b) Close view of the double-aperture 
ionization chamber with 5 ion emission planes, 20 equal potential lines are 
shown with VCb = 1 V. Chip bias has a converging lens effect around plane 2 
and diverging lens effect at plane 3. 
Lorentz provides accurate direct ray tracing of charge particles with their 
time of flight trajectory. The self-adaptive solver in Lorentz uses the Boundary 
Element method to solve the electric field distribution. Ion trajectories are 
traced by adaptive Runge-Kutta 5th order method (RK 5) integrating the 
equations of motion in time. The solver accuracy was progressively improved 
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and tested until the numerical noise on the ion trajectory spatial variations was 
reduced to be a few nm. 
Figure 2-5. The ion trajectories with different initial emission angles θ. (a) at a 
particular emission ponit and (b) inside the double-aperture. The initail ion 
energy is set as 0.0385 eV, the chip bias VCb  is 1 V and the extraction voltage 
VExt is -10 kV. 
Before simulating ion emission from the entire double-aperture ionization 
chamber, it is helpful to first simulate ions emitted from a point with different 
initial emission angles θ (0-90°, >90° back streaming ions are ignored). Fig. 2-
5-a illustrates ion emission with different θ from a particular point (Z=0 nm, 
R=25 nm). Fig. 2-5-b shows that the emitted ions can escape from the double-
aperture ionization chamber (Tm=Ts=D=100 nm) only with θ< ±10°. The rest 
of the ions collide with the membranes. Therefore a large portion of the ions 
generated in this double-aperture ionization chamber layout is predicted to be 
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lost due to the random nature of the ion thermal velocity.  On the other hand, 
successfully extracted ions have a small beam divergence, which is good for 
fine beam focusing. The ion extraction yield is not only a function of θ, but 
depends on the emission position as well (both Z and R). 
 
Figure 2-6. Ion emissions with maximum initial emission angles ±10° at 
various planes. (a)-(e) in the double-aperture ionization chamber layout of 
Tm=Ts=D=100 nm  with overall ion trajectories (f) and beam lateral spread at 
extractor Z=2 mm (g). The initail ion energy is set as 0.0385 eV, the chip bias 
VCb  is 1 V and the extraction voltage VExt is -10 kV. 
A 1 keV electron beam from a conventional field emission SEM is assumed 
to be the injection electron beam, which has a few µA electron beam current. 
The radial current distribution of the injecting electron beam is assumed to be 
Gaussian, with the FW50 beam diameter assumed to be 50-60 nm (standard 
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deviation σ= 25 nm). Considering Coulomb effects in the electron beam final 
spot size, a practical electron beam current is limited to be around 1 µA [61, 
69]. The maximum current of H2+ ions generated within the source I0 is about 
3.4 nA (following Eq. 1.3 in chapter 1.3.1). The number of ions emitted on 
planes 1-5 is weighted by the electron beam Gaussian distribution (in R) and 
the gas distribution (in Z). Fig. 2-6 shows ion emission from 100 nm (±2σ) 
wide planes 1-5 with max θ= ± 10° at each emission point, with 80 ions 
emitted from each plane 1-3, and 40 on plane 4 or plane 5. 
The majority of ions with θ≤ ±10° in Fig. 2-6 escape from the double-
aperture ionization chamber and move towards the extractor (along +Z axis in 
Fig. 2-6) , except ions emitted at large R which collide with the membrane. 
The ion beam current extracted from the source Ip is a small portion of the 
total ions I0 generated by electron gas impact, and can be estimated as 
 
assuming ions have a random θ distribution. With the chip bias VCb or the 
extraction voltage VExt changed, the number of extracted ions are monitored in 
simulation and compared to the results in Fig. 2-6. The ion beam current Ip is 
then updated proportionally for different VCb and VExt values. This current is 
underestimated, since some ions that have θ≥ ±10° still can escape from the 
double-aperture ionization chamber. But for simplicity, this has been ignored 
and θ≤ ±10° is set on all five planes.  
 Simulated ion trajectories from planes 1-5 are shown in Fig. 2-6-f. They 
have no obvious cross-over, as they travel to the end of the extractor (Z=2mm). 
𝐼𝑝 = 𝐼0 × ( 10°180°)2 ≈ 0.011 nA = 11 pA  (2.2)                             
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As shown in Fig. 2-6-g, the lateral beam spread diameter DExt is about 20 µm 
(FW90) at the extractor plane. Changing VExt and VCb affects the amount of 
ions escaping from the source (output beam current Ip), and their trajectory 
paths up to the extractor (DExt). 
2.1.4 Double-aperture ionization chamber layout variations 
As already mentioned in 2.1.3, the random nature of the ion thermal 
velocity reduces the number of ions that can be extracted from the double-
aperture ionization chamber. One way to avoid this issue is to use a smaller 
electron beam spot size, but this comes at the expense of a lower electron 
beam current or beam current density (see Appendix-1). Another way is to 
change the ion source double-aperture ionization chamber layout.  
Fig. 2-7 shows the ion trajectories extracted from the ion source with 
different double-aperture ionization chamber layouts. The ions emitted are 
from 100 nm in the radial direction along the planes 1-5. The extraction field 
EExt is fixed at 107 V/m. The chip bias field ECb is fixed at 107 V/m, with VCb  
adjusted for different membrane spacing Ts. Note that ions emitted from plane 
4 tend to move backwards for a larger double-aperture diameter D (Fig. 2-7-b), 
with a diverging lens effect starts to build up at plane 4 with larger D. 
Therefore plane 4 is shifted in the Lorentz model setting into the double-
aperture by 250 nm and 500 nm respectively in Fig. 2-7-b & c. With a larger 
double-aperture diameter D, more ions are able to escape from the double-
aperture, up to θ = ±90°. This can increase the ion output beam current Ip to 
about 850 pA using Eq. 2.2. On the other hand, the increased off-axial ions 
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result in a larger beam divergence, and a larger virtual source size. Its overall 
effect on the reduced brightness is examined in following section. 
 
Figure 2-7. Ion emissions in Gaussian pattern with fixed σ=25 nm from five 
100 nm wide planes with maximum initial emission angles θ=±90° in different 
double-aperture ionization chamber layouts. (a) Tm=Ts=100 nm, D=200 nm, 
(b) Tm=Ts=D=500 nm and (c) Tm=Ts=D=1000 nm. The initial ion energy is 
set as 0.0385 eV. 
2.2 Ion virtual source size 
2.2.1 Ion virtual source size and extraction voltage 
The ion source reduced brightness Br is determined by the optics from 
source to extractor, and remains the same in rest of the optical column. The 
Lorentz simulations provide information about ion positions and transverse 
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angle (beam divergence α) at the extractor end plane (Z=2mm). Tracing back 
from this plane, the ion beam diameter (FW50 or FW90) can be determined at 
any perpendicular plane along the Z-axis, as shown in Fig. 2-8. The FW50 
diameter dv eliminates the outer most rays, and is therefore statistically more 
appropriate and better represents the virtual source. 
 
Figure 2-8. Ray back tracing from the extractor plane. The beam size at any 
chosen plane can be found along the beam travelling Z-axis. 
The ion beam lateral spread DExt at the extractor end plane and the ion 
virtual source diameter dv were calculated while varying the extraction voltage 
VExt using Lorentz, with a double-aperture ionization chamber (Tm=Ts=D=100 
nm) as shown in Fig. 2-4 and Fig. 2-6. The extraction field EExt penetrates into 
the double-aperture (Fig. 2-4-b) and creates an accelerating field between the 
double-aperture ionization chamber and the extractor, which has an overall 
converging focusing lens effect for all ions. On the other hand, the chip bias 
field ECb has a converging lens effect for ions emitted at planes 2 & 4 (Fig. 2-
6-a & b), and a diverging lens effect for ions emitted at planes 1, 3 & 5. The 
final ion trajectories are thus governed by these two competing electric field 
effects.   
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Fig. 2-9 shows the Lorentz simulation results for the double-aperture 
ionization chamber (Tm=Ts=D=100 nm) with an increasing VExt and a fixed 
chip bias VCb =1 V. The ion virtual source position is predicted to vary 
between Z= 190-195 µm with varying VExt. Increasing VExt reduces the ion 
virtual source diameter dv from around 30 nm to 10 nm. It also reduces the 
beam divergence α up to VExt = -10 kV, where EExt =ECb = 107 V/m. Generally 
the extracted ion beam has α < 10 mrad, which is good for the subsequent ion 
optics column. In general, smaller beam divergence translates into larger beam 
current from the source. This is because a beam limiting angular aperture is 
normally used after the extractor to filter out the wider angle trajectories. 
 
Figure 2-9. Simulated virtual source optics for a double-aperture ionization 
chamber (Tm=Ts=D=100 nm) at a fixed chip bias VCb of 1V, as a function of 
the extraction voltage VExt. (a) beam divegence α and (b) ion virtual source 
diameter dv. The dashed lines are just connection lines for visualization 
assistance. 
High VExt up to -10 kV is preferred for a smaller ion virtual source size (Fig. 
2-9-b) and a higher ion source output beam current Ip. Further increasing VExt 
does not necessarily increase the source reduced brightness, as observed for 
Schottky emitters in SEMs and Liquid Metal Ion Sources (LMIS) in FIBs [70-
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72]. Further increasing VExt also results in extraction of more ions with larger 
initial emission angles, which contribute to larger beam divergences α (as 
shown in Fig. 2-9). Meanwhile, a high VExt compromises the beam current 
stability and requires better isolation to prevent electric breakdown. In NAIS 
ion source design, VExt up to -10 kV (EExt = 107 V/m) is practical to achieve, 
following the standard practice in conventional Schottky emitter and LMIS 
extraction design (107 – 108 V/m). 
2.2.2 Ion virtual source size and chip bias 
The electric field ECb from the chip bias is predicted to have both 
converging and diverging lens effects on ions generated from the source, 
depending on the ion emission position within the double-aperture ionization 
chamber.  These effects are examined in this section by monitoring the ion 
virtual source diameter as a function of the chip bias VCb.  
The maximum chip bias VCb is changed (2 V, 10 V and 20 V) for different 
double-aperture ionization chamber Ts sizes (100 nm, 500 nm and 1000 nm), 
in order to maintain the same electric field strength in each double-aperture 
ionization chamber layout. With ECb increasing, the ion beam divergence α is 
predicted to reach a minimum at ECb = 107 V/m, while the ion virtual source 
diameter dv reaches a maximum for ECb just below 107 V/m. This indicates a 
competing effect of ECb on the extracted ion beam. With the double-aperture 
diameter D increasing from 100 nm to 1000 nm, the ion beam divergence α 
minimum remains at ECb = 107 V/m, while the ion virtual source diameter dv 
increases from 13 nm to 150 nm (Fig. 2-10-b).  The ion virtual source position 
is simulated to be in the range between Z= 180 to 230 µm. The practical 
Chapter 2.2 - NAIS ion virtual source  
44 
 
consideration of electric breakdown in the insulating spacer and vacuum 
should also be included when designing the double-aperture ionization 
chamber layout and chip bias, to limit ECb <108 V/m. 
  
 
Figure 2-10. Simulated virtual source optics for different double-aperture 
ionization chamber layouts, at a fixed extraction voltage VExt = -10 kV as a 
function of the chip bias field ECb. (a) beam divegence α and (b) ion virtual 
source diameter dv. The dashed lines are just connection lines for visualization 
assistance. 
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2.2.3 Ion virtual source size and reduced brightness without Coulomb 
effects 
 In this section the ion source reduced brightness Br is calculated for 
different extraction and chip bias field strengths (EExt and ECb) using Eq. 2.3, 
without including the Coulomb effects.  
  
where Ip is the total ion extracted current to form the ion probe, AS is the 
virtual ion source area, dv is the virtual ion source FW50 diameter,  Ω is the 
ion beam solid angle, α is the ion beam divergence and VExt is the ion beam 
energy at the extractor end plane (Z=2 mm).  
Before calculating Br, Ip should be estimated, as discussed in 2.1.4. An 
approximate maximum Ip is ~ 11 pA for the 100 nm double-aperture ionization 
chamber (Tm=Ts=D=100 nm) with fixed EExt and ECb, and ~850 pA for the 
other three double-aperture ionization chamber layouts in Fig. 2-7 (D = 200 
nm, 500 nm and 1000 nm), using Eq. 2.2. The ion beam current for different 
EExt and ECb values is calculated with Lorentz simulations monitoring the 
extracted number of ions. 
Fig.2-11-a gives the simulated ion source Br as a function of EExt. As 
discussed in 2.2.1, increasing EExt helps improve Br up to some limit, after 
which Br does not increase, due to a larger beam divergence. Fig. 2-11-b 
shows the dependence of Br as a function of ECb for different double-aperture 
ionization chamber layouts. In general, ECb > 107 V/m helps to improve Br, and 
smaller double-aperture ionization chamber sizes are predicted to have higher 
𝐵𝑟 = 𝐼𝑝𝐴𝑆𝛺𝑉𝐸𝐸𝑡 = 𝐼𝑝(𝜋4 𝑑𝑣2)(𝜋𝛼2)𝑉𝐸𝐸𝑡 (A/m2SreV)               (2.3)     
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brightness. Two double-aperture ionization chamber layouts of Tm=Ts= 100 
nm + D= 200 nm, and Tm=Ts= D= 500 nm give higher Br. The highest 
simulated H2+ ion Br is about 1.3×106 A/m2SreV, for a double-aperture of 
Tm=Ts= 100 nm and D= 200 nm, with VCb = 1.2 V and VExt = -10 kV. 
 
Figure 2-11. The simulated NAIS source H2+ reduced brightness for diffrent 
double-aperture ionization chamber layouts. (a) as a function of the extraction 
field EExt with a fixed ECb = 107 V/m and (b) as a function of the chip bias field 
ECb with a fixed EExt = 107 V/m. The dashed lines are just connection lines for 
visualization assistance. 
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With Ts ≥ 500 nm, not only that Br is predicted to be lower, the required 
VCb is ≥ 5 V for optimal chip bias field, corresponding to a large energy spread 
(≥5 eV). Therefore a double-aperture with Ts= 100 nm is preferred with an 
optimal VCb = 1.2 V, and with D=200 nm larger than the injecting electron 
beam size, e.g. beam width σ of 25 nm.  
2.3 Coulomb effects and reduced brightness 
2.3.1 Coulomb effects 
The brightness simulation discussed in section 2.2.3 helps to understand the 
effects of the extraction voltage and chip bias on the ion trajectory path. The 
Coulomb effects are not included yet. There are generally two types of 
particle-to-particle interactions (Coulomb effects) in charged particle beam 
[69]. One is space charge effects, which refers to the deflection of a charged 
particle by the averaged charge of all the other particles in the beam. The 
deflection is proportional to the distance to the axis, resulting in a defocus for a 
uniform charge distribution in a round beam, which can be compensated by the 
system’s lenses. For non-uniform charge distributions this effect can cause 
aberrations. Another type is the statistical Coulomb interactions, which cannot 
be corrected. Statistical Coulomb interactions come from the electrostatic force 
interactions between ions, and they disturb ion paths, which introduce an 
additional transverse beam broadening, resulting in an effective lower Br. This 
effect is usually referred to as trajectory displacement. The ion-ion interactions 
along the direction of travel, Z-axis (longitudinal), can also result in effective 
energy broadening. This effect is often known as the Boersch effect, which 
contributes to the total energy spread.    




In section 2.2, although the ion beam current Ip is estimated as 850 pA, the 
total ions generated within the double-aperture ionization chamber contribute 
to a larger ion current I0 (~3.4 nA). Ions move relatively slowly around the 
double-aperture region, where the Coulomb effects between H2+-H2+  pair and 
H+-H2+ pair can  decrease the ion source reduced brightness. 
 
 
 Figure 2-12. The NAIS source simulation model in GPT. (a) Ion emission in 
the double-aperture Tm=Ts=100 nm, D=200 nm, with EExt =ECb = 107 V/m and 
(b) ion trajectories from the double-aperture to extractor, ions passing the Z=2 
mm plane are recorded.  
To estimate the influence of Coulomb effects, the computer software 
General Particle Tracer (GPT) is employed. GPT is capable of calculating all 
types of Coulomb interactions, with all pairs of ion-ion interactions included. 
An example of the NAIS model in GPT is shown in Fig. 2-12 up to the 




extractor end plane at Z=2 mm, with the double-aperture ionization chamber 
layout of  Tm=Ts= 100 nm and D= 200 nm. 
The initial ion emission conditions are similar to that used in the 
Lorentz simulation in 2.2. Ions have a mean initial thermal energy of 0.0385 
eV with a random initial direction θ. The ion emission distribution in the Z-
axis follows the gas pressure distribution, and it follows the electron beam 
Gaussian profile with ±2σ (σ = 25 nm) in the R-axis. The total number of ions 
generated in the source N0 (or ion generation current I0) within a simulation 
time t, is determined by the injecting electron current. The ion trajectories are 
recorded and plotted as shown in Fig. 2-12-b. GPT simulation monitors the 
extracted ion beam current. The total number of ions passing the Z=2 mm 
plane is monitored by GPT as Np. For Coulomb effects simulation, the ion 
emission rate in time is N0/t, and the ion beam current extracted from the 
source is  Ip= qNp/t.  
2.3.2 Emittance and reduced brightness 
To examine the trajectory displacement as a function of the ion beam 
current Ip, the x-x’ or y-y’ trace space can be plotted at the transverse plane to Z 
=2 mm, as shown in Fig.2-13, where x is the ion position distribution in the X-
axis, and x’ is the ion velocity gradient component in the X-axis (in GPT, x’ is 
taken as the ratio of transvers velocity Vx over the longitudinal velocity Vz, 
similar in the Lorentz simulation). The area of this trace space carries 
information about the ion beam’s optics. The RMS emittance ε-RMS describes 
the area occupied by the Np ions in the  
x-x’ or y-y’ trace space, and it is defined as [73], with 
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and the reduced brightness up to the extraction is related to the RMS emittance 
by  
𝐵𝑟 = 𝐼𝑝8𝜋2𝜀𝑥−𝑅𝑅𝑅𝜀𝑦−𝑅𝑅𝑅𝑉𝐸𝑥𝐸     (2.5) 
Fig. 2-13-a & b are the trace space plot without the Coulomb effects at Z=2 
mm using Lorentz and GPT respectively for the double-aperture ionization 
chamber (Tm=Ts= 100 nm and D= 200 nm) with VCb =1 V and VExt = -10 kV. 
The calculated ion beam RMS emittance εx-RMS is 4.1×10-12 (m×rad) and 
6.0×10-12 (m×rad) from Lorentz and GPT respectively. The difference in the 
emittance could be mainly due to the fact that GPT simulates ion emission 
with a random space and emission angle distribution, while in Lorentz they are 
set manually. There is also some field map interpretation difference in GPT 
when importing electric field values solved by Lorentz into GPT. 
 
 





Figure 2-13. The extracted ion beam x-x’ trace space plots without Coulomb 
effects by (a) Lorentz and (b) GPT for a double-aperture ionization chamber 
with Tm=Ts=100 nm, D=200 nm, and  EExt =ECb = 107 V/m.  
Coulomb effects are simulated in GPT as a function of the ion beam 
current Ip. The x-x’ trace space can be plotted using GPT a function of Ip at the 
extractor end plane (Z= 2mm), as shown in Fig. 2-14, with a fixed VCb =1 V 
and VExt = -10 kV. Both the beam distribution in x and transverse ion velocity 




gradient x’ are observed only slightly to increase as the output ion beam current 
Ip grows larger (compared to Fig. 2-13-b).  
 
Figure 2-14. The extracted ion beam x-x’ trace space plots by GPT at different 
ion output beam curent Ip (a) 100 pA, (b) 500 pA, (c) 1 nA and (d) 3 nA  for a 
double-aperture ionization chamber with Tm=Ts=100 nm, D=200 nm, and EExt 
=ECb = 107 V/m (VCb =1 V and VExt = -10 kV). 
The ion beam RMS emittance εx-RMS calculated by GPT with and without 
the Coulomb effects, is shown in Fig. 2-15. For Ip < 1 nA, the Coulomb effects 
do not significantly change the simulated beam emittance. For Ip > 1 nA, the 
Coulomb effects increase the beam emittance εx-RMS from 6 ×10-12 (m×rad) to 
8×10-12 (m×rad), a percent increase of about 33%. The numerical errors in the 
simulations lie within about ±10%. 





Figure 2-15. The extracted ion beam emittance as a function of the simulated 
beam current for a double-aperture ionization chamber with Tm=Ts=100 nm, 
D=200 nm, at  EExt =ECb = 107 V/m (VCb =1 V and VExt = -10 kV). 
With a chip bias field ECb = EExt =107 V/m, a H2+ ion will take a maximum 
20-60 pico-seconds depending on the position of the ion generation, to escape 
the double-aperture ionization chamber. This corresponds to an ion current of 
I0=2.6 nA, Next it will take 3 ns to reach the -10 kV extractor. Up to a beam 
current of 2.6 nA, there is on average only one ion generated inside the double-
aperture ionization chamber at each instant in time, explaining why the 
Coulomb effects are relatively small. The ion path near the double-aperture is 
dominated by the chip bias field rather than the Coulomb effects. 





Figure 2-16. The extracted ion beam reduced brightness including the 
Coulomb effects, as a function of the beam current for two types of double-
aperture ionization chamber layouts with  EExt =ECb = 107 V/m. Errors in the 
simulations lie within about ±10%. 
For different double-aperture ionization chamber layouts with fixed EExt 
=ECb =107 V/m, the simulated ion source Br as a function of the ion beam 
current Ip is shown in Fig. 2-16. Generally the Coulomb effects are observed 
not to stop Br from increasing with higher Ip (up to 3 nA).  The contribution 
from Coulomb effects to Br is relatively small compared to the increase of the 
ion beam current Ip, which is limited by the injecting electron beam current. 
For example, a conventional electron column with Schottky emitter is capable 
to deliver a 1 keV injecting electron beam current of a few µA with beam 
diameter < 100 nm and Bre of 5×107 A/m2SreV [61, 74-77]. With such an 
injecting electron beam current, the NAIS ion source is predicted to deliver an 
ion beam current Ip up to 3 nA, as simulated by GPT. The predicted maximum 
NAIS Br is about 106 – 107 A/m2SreV (Fig. 2-16).  




Moreover, the injecting electron beam continues its path after the double-
aperture ionization chamber, until reflected by the ion extractor. The presence 
of this large amount of electrons inside and beyond the double-aperture will 
tend to compensate for the Coulomb effects of ions.  
A certain portion of the injecting electron beam reflected by the extractor 
will collide with the double-aperture membrane. These back-streamed 
elelctrons will lead to charging and heating of the membrane. Therefore, the 
membrane has to be desiged with good electrical and thermal conductivity.  
2.3.3 Energy spread dE 
The ion source energy spread is mainly determined by the chip voltage VCb. 
Depending on the position where the ions are generated, the extracted ions 
have a maximum energy difference of VCb and this energy spread may be 
further broadened by the Boersch effect between ions in the longitudinal 
direction (Z-axis). The Boersch effect on the energy spread was also modelled 
using GPT. The GPT programme uses relativistic ion energy/velocity in its 
calculation. Monitoring the ion energy E at Z=2mm via the Lorentz factor γ, is 
given by 
 𝐸 = (𝛾 − 1)𝑐2  𝑚𝐻2+
𝑞
      (2.6) 
with mH2+ the mass of a H2+ ion, c is the speed of light in vacuum, and q is the 
H2+ ion charge. The ion energy E at Z=2 mm was obtained with a simulation 
precision of less than 0.01 eV. 
The simulated ion beam energy spread dE at the plane Z=2mm as a function 
of VCb is shown in Fig. 2-17, including Coulomb effects at a fixed beam 




current of 2 nA. Clearly, larger VCb results in larger dE, as shown in Table 2-1. 
The FWHM energy spread dE is simulated to be 1.64 eV and 1.99 eV for VCb 
= 1 and 2 V respectively including the Coulomb effects, as shown in Table 2-1. 
From the discussion in 2.3.2, the Coulomb interactions do not dominate for ion 
beam current < 2.6 nA, thus the Boersch effect is also expected to be small. 
 
Figure 2-17. The simulated ion beam energy spread using GPT at the plane 
Z=2 mm for double-apertures with Tm=Ts=100 nm, D=200 nm with  VExt =  -
10 kV, including the Coulomb effects, as a function the chip bias VCb (1) 1 V, 
and (b) 2 V. 




Energy spread VCb 
  
dE (FWHM) 
(eV) 1 V 2 V 
No Coulomb effecs 1.4 1.8 
With Coulomb effecs 1.6 2.0 
 
Table 2-1. The GPT simulated FWHM ion beam energy spread at Z=2 mm, 
with Coulomb effects included. The Guassian curve fitting error is ~ 0.1 eV. 
 
2.4 Summary 
The NAIS ion source optics has been simulated without the Coulomb 
effects using the Lorentz computer program.  Source design parameters have 
been included in the simulation, like the gas distribution, ion thermal energy, 
chip bias and extraction voltage. Coulomb effects were simulated using the 
GPT computer programme. The simulation results predict that they have 
limited effects on the source reduced brightness for an extracted beam current 
less than 3 nA. The simulation results also predict that the NAIS in source will 
have a H2+ ion source reduced brightness of about 106 -107 A/m2SreV, with an 
expected energy spread of ~ 1-2 eV, a beam divergence < 10 mrad and a 
virtual source diameter < 60 nm, with an injecting electron beam brightness of 
5×107 A/m2SreV. These simulations help to design the source and provide 
information for its application to PBW. How to employ this NAIS source for 
the PBW application will be discussed in chapter 5.  
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Chapter 3–Ion source chip fabrication with double-aperture  
Prototypes of ion source chips with miniature ionization chamber have been 
fabricated, using Integrated Circuit Technology. The batch fabrication is 
simple and efficient to produce about 10 chips per 4-inch Si wafer. The details 
of the fabrication processes are discussed in this chapter. 
3.1 Ion source chip fabrication   
3.1.1  Source chip design  
The idea of a miniature electron impact gas ion source NAIS has been 
introduced in chapter 1 and 2. The Charged Particle Optics group at Delft 
University of Technology (CPO-TUD) has developed an ion source chip based 
on bonding two silicon substrates, as shown in Figure 3-1-a [53]. The chip was 
fabricated by patterning Si3N4 layer on Si wafer for gas channel, depositing 
100 nm thick alloy metal layers as double-aperture membranes, and bonding 
two chips together for gas seal. Ion source total output current has been 
measured and studied by using this type of chip. One of the challenges in the 
fabrication process is the 100 nm metal layer deposition. Alloy consisting of 
several types of metal were tested for low stress thin layer. Another challenge 
is the bonding of two chips by glue. Since the spacing between the double-
aperture membranes is only 100-200 nm, the bonding process requires 
particle-free environment to reduce contaminations in the thin gas channel. 
The choice of vacuum compatible glue is also important. It should hold the gas 
in the chip without leaking, and also maintain the 100-200 nm membrane 
spacing. One more challenge is the membrane spacing expansion with gas 
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supplied. Membrane spacing expansion was observed from 100 nm to > 2 µm 
with a gas inlet pressure of ~ 500 mbar [53]. Modifications are currently under 
study at CPO-TUD to improve the fabrication yield. 
 
Figure 3-1. Lab-on-chip devices with gas/fluid channel in vacuum. (a) Gas 
channel by CPO-TUD, (b) fluid channel in TEM by CBIS. Images from Ref 
[53] and [78]. 
There are research groups studying molecule liquid/solid interface 
dynamics inside Transmission Electron Microscope (TEM) vacuum chamber, 
in which fluid containing nanoparticles are introduced into a miniature 
chamber [78-80]. The chamber is made by bonding two Si substrates with thin 
(20-100 nm) Si3N4 membranes, which are transparent to the 100 keV TEM 
electrons (Fig. 3-1-b) [78]. Different vacuum compatible glues have been used 
for the chip bonding, with one type of nail polish (Sally Hansen® 404) is 
successfully and used in the NUS Centre for BioImaging Sciences (CBIS) 
with a good liquid sealing property and non-expansion after drying.  
Referring to the above two types of miniature chamber fabrication 
technologies, fabrication process has been established for ion source chip in 
CIBA-NUS. The ion source chip consists of two Si substrates bonded using 
nail polish, with Si3N4 layers as the double-aperture membranes.  
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3.1.2  Ion source chip fabrication  
Silicon substrates with Si3N4 layer are commercially available. The ion 
source chip was initially fabricated by bonding two 1 µm thick Si3N4 
membranes, for better mechanical strength and fabrication process 
optimization.  
Step 1. Si back side patterning: The process starts with a 530 µm thick Si 
wafer with double-side Low Pressure Chemical Vapor Deposition (LPCVD) 
coated 1 µm thick Si3N4 layer. The Si substrate has two sides with one side 
polished (flat side) and the other side unpolished (back side). Typically the 
polished side has a root mean square (rms) roughness of 0.1 nm over 10 µm × 
10 µm, while the unpolished side has a roughness of 10-100 times higher [81, 
82]. Si3N4 layers on both Si sides have a deposition uniformity of ±7% over 
the 300 mm Si wafer [83]. The Si3N4 layer on Si flat side is preferred to form 
the thin gas channel for better contact and gas sealing. Windows will be 
opened from the back sides for gas inlet, electron beam access and ion exit. 
 
Figure 3-2. Patterning the Si chips back side using UV lithogrpahy and RIE. 
  The Si back side was coated with 1.8 µm thick photoresist AZ1518 (AZ 
Electronic Materials) then patterned using a µPG-101 405 nm wavelength 
laser writer, as an etching mask for the Si3N4 layer. The Si3N4 layer was 
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selectively etched (about 50 nm/min) using CHF3+O2 plasma Reactive Ion 
Etching (RIE), see Fig. 3-2. The etched depth and etching rate was examined 
using a KLA Tencor-P10 surface profilometer.  
Step 2. Si window patterning: The photoresist was completely removed 
by rinsing the sample in acetone for 5 min. The RIE patterned Si3N4 layer will 
act as an etching mask for the silicon wet etching. 
 
Figure 3-3. Si KOH wet etching for pyramid windows. 
With a 80°C bath of 20% Potassium hydroxide (KOH) (KOH: DI water = 1: 
4), the silicon substrate was etched at about 1.9 µm/min to form etched 
pyramid windows. Freestanding Si3N4 square windows (gas window width of 
about 300-400 µm and double-aperture window width of 50-70 µm 
respectively at the pyramid bottom) were revealed. The gas window is used for 
gas inlet, and double-aperture window for electron beam entrance and ion 
beam extraction.  
A 10 nm Cr + 10 nm Au metal layer was then deposited using magnetron 
sputtering at the back side of the silicon wafer, see Fig. 3-3.  The thin metal 
layers will serve as the chip bias electrodes. The resistivity of this thin metal 
layer was measured to be ~104 Ω/m. Its electric conductivity at the bottom of 
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the pyramid is confirmed in later experiment in chapter 4, by reading the 
electron beam current from this layer.  
Step 3. Gas channel pattering: A 1.8 µm thick photoresist AZ1518 was 
coated on the flat side of the bottom Si chip, and patterned using the laser 
writer. A 10 nm Cr + 200 nm Ti metal layer was then deposited at this side 
using magnetron sputtering. After a 30-min immersion in acetone, the 
photoresist was removed and a channel of 7 mm × 1 mm × 200 nm was 
obtained.  
 
Figure 3-4. Gas channel patterning at the bottom chip. (a) Schematic process, 
(b) actual bottom chip with 200 nm Cr+Ti layer and clear gas channel, and (c) 
gas channel with supporting rectangular structures. 
An actual chip with clear gas channel is shown in Fig. 3-4-b. The channel is 
formed as a trench in the deposited Cr+Ti layer. Cr+Ti supporting structure in 
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the channel can also be patterned in this step (Fig. 3-4-c). This increases the 
difficulty to completely remove the photo-resist in the channel, resulting in 
lower chip yield.  The as-deposited metal layer thickness was cross-checked 
with Atomic Force Microscope (AFM) and Rutherford backscattering 
spectrometry (RBS), with a ±10% thickness accuracy. The sputtered metal has 
a rms surface roughness of about 10 nm over a 5 µm× 5 µm AFM scan area.   
Step 4. Si chip bonding: The chip bonding process was carried under a 
long working distance (few cm) optical microscope. The top and bottom chips 
were mounted on separate 3-dimension manual micro manipulators for 
positioning. Using the two light-transparent Si3N4 windows on each chip as 
markers, the alignment precision is about 5 µm. Applying a slight pressure by 
the two manual positioners, the chips were brought into close contact and then 
glued together at the edges. The bonded chips were left for 1 day’s drying. 
 
Figure 3-5. Bonding of two chips under an optical microscope. 
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Step 5. FIB milling of the double-aperture: The gas inlet and the double-
aperture are obtained by Focused Ion Beam (FIB) milling (FEI Quanta Dual 
Beam), with a 30 keV gallium ion beam (1-2 nA). Double-apertures (for 
electron beam entrance and ion exit) of different diameters (0.5-3 µm) were 
milled at the 50 µm wide beam window (Fig. 3-6).  The spacing between the 
double-aperture measured by the SEM was about 500 nm. Similarly, the gas 
inlet (width 50-100 µm or larger) can be opened at the 300 µm wide gas 
window, by FIB removing the Si3N4 membrane of the top Si chip. 
Alternatively, the gas inlet window Si3N4 membrane of the top chip (Fig. 3-3) 
can be removed compleltely before chip bonding, by compessed air blow, to 
ensure a better gas conductance. 
 
Figure 3-6. SEM images of FIB drilled double-apertures. (a) the beam window 
consists of few double-apertures of different sizes, (b) a double-aperture of 
~1.5 µm diameter and ~ 500 nm spacing, viewed with 30 degree sample tilt. 




Figure 3-7. The bonded ion source chip after FIB milling of gas inlet and 
double-aperture. 
The final bonded ion source chip is shown in Fig. 3-7. The chip size is 
designed to be 11 mm ×11mm, with total thickness of about 1 mm. The chip 
width may vary ± 0.3 mm due to the Si substrate cleaving with Si3N4 layers 
and the glue at edges applied for bonding. 
3.2 Ion source chip leak test   
3.2.1  Ion source chip holder 
With the ion source chip fabricated, it was tested for its gas delivery 
capability and gas leakage. A stainless steel chip holder was designed and 
fabricated to house the chip for the leak test. The chip holder schematic is 
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shown in Fig. 3-8. The actual chip holder is shown in Fig. 3-9. It consists of a 
body part with gas feed line, and a cover. The body part has a 12 mm × 12 mm 
size recess to fit the ion source chip. There are 4 Viton® O-rings to support the 
chip, one of which has a metal contact to apply the chip bias (DC bias across 
the two Si3N4 membranes). One O-ring is placed on the gas inlet. The other 
two are to support the chip evenly. Gas sealing is completed when the chip 
holder cover is pressed against the chip by slowly fastening the screws.  
 
Figure 3-8. Schematic of the ion source chip holer for gas delivery to the 
source chip. 
 The chip holder (both body and cover) is electrically grounded, when later 
used for ion source characterization experiments in chapter 4. The chip bias is 
supplied via the chip bias feed shown in Fig 3-8 and Fig. 3-9-a. It has a spring 
electrode in contact with the Cr+Au metal layer deposited on the top Si chip. 
The chip holder cover is in contact with the bottom chip Cr+Au metal layer 
when gas sealing is engaged. Therefore there is a voltage difference between 
the top and bottom Cr+Au chip metal layer, when a DC voltage is supplied to 
the chip bias feed.   
 




Figure 3-9. The chip holder fabrictaed using stainless steel. (a) O-rings in the 
chip holder for gas sealing, (b) the chip holder assembled facing the elelctron 
beam side, and (c) the chip holder assembled facing the extractor side. 
3.2.2  Helium leak test 
A leak test experiment was carried out with an Adixen ASM 142 helium 
leak detector [84].  The chip holder was attached to the helium leak detector 
chamber using quick flange (KF) fitting, illustrated in Fig. 3-10. Helium gas 
was supplied to the system and regulated by an all metal gas dossing valve 
(resolution 10-11 mbar l/s). The gas inlet pressure in the gas feed line was 
monitored by a vacuum gauge from 1 mbar to 1 bar. The background leakage 
reading was about 1×10-10 mbar l/s, without any helium gas inlet at chamber 
pressure of ~ 10-6 mbar. 
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Figure 3-10. Schematic of the helium leak test setup for the chip gas delivery  
and chip holder gas sealing property test. 
Firstly a blank silicon chip was installed in the chip holder, and the chip 
holder was tested for leakage using the above system. With a helium gas inlet 
pressure of 1 mbar – 1 bar, the helium leakage level from the chip was 1-2 
×10-10 mbar l/s. Next, with FIB drilled gas inlet but without any double-
aperture, an ion source chip was installed in the chip holder and was tested. 
The leakage level was 2-3 ×10-10 mbar l/s, indicating both the chip holder and 
the bonded ion source chip were successful with good gas sealing.  
With the chip holder and ion source chip properly tested for gas sealing, a 
sample source chip with three D=1 µm double-apertures was tested using the 
above system. The helium gas leakage from the three double-apertures was 3-
4 ×10-7 mbar l/s, with a helium inlet pressure up to 1 bar. The test results 
proved that the fabricated ion source chips are capable of delivering gas to the 
double-aperture region for later electron impact gas ionization. On the other 
hand, this gas leakage level is considered small, compared to the SEM vacuum 
Chapter 3.2-Ion source chip leak test 
69 
 
pump capacity. Moreover this ion source gas leakage test provides information 
for gas consumption rate, gas inlet control accuracy and future system design.  
 
3.3 Summary 
Ion source chips with miniature ionization chamber were micro-fabricated 
in CIBA, NUS, by employing Integrated Circuit processes. The fabrication 
process is capable to supply sample chips in batches. Double-apertures can be 
created using FIB. The as-fabricated ion source chip was tested with a helium 
leak detector and found to have good sealing property and gas delivery 
capability. The as-fabricated ion source chip will be mounted inside a SEM 














Chapter 4 –Ion source current and brightness: experiments 
and discussion 
Based on the theoretical and simulation evaluations in chapter 1 & 2, the 
NAIS ion source total output current and reduced brightness is a function of 
several parameters, including the injecting electron beam energy, injecting 
electron beam size and electron beam current, extraction field, chip bias and 
inlet gas pressure. In this chapter the above source parameters will be 
experimentally varied to measure the NAIS ion source total output current and 
the ion axial beam current. The ion source reduced brightness will be 
estimated based on the experimental results with the help of Lorentz 
simulations.     
The preliminary experimental results discussed in this chapter were 
performed inside a Philips XL30 Environmental Scanning Electron 
Microscope (ESEM) in the Centre for Integrated Circuit Failure Analysis and 
Reliability (CICFAR), NUS. The ESEM has a thermal Field Emission Gun 
(FEG, also known as Schottky emitter). An ion source test column assembled 
for preliminary ion source characterization was set up inside the ESEM 
chamber, using the ESEM electron beam as injecting electrons. The extracted 
ion source total output current and reduced brightness are measured as 
function of gas inlet pressure (argon or helium gas), chip bias, extraction 
voltage and injecting electron beam energy (500 to 2000 eV). With an 
injecting electron beam current of ~4 nA and argon gas inlet, this ion source 
produces a total output current of 200-300 pA and an estimated ion source 




reduced brightness of 700-800 A/m2SreV, close to the low energy (1 keV) 
injecting electron beam brightness (measured as 880 A/m2SreV).  
Section 4-1 discusses about the Philips XL30 ESEM facility in CICFAR, 
NUS. The ion source brightness is greatly determined by the injecting electron 
beam, therefore the operation and characterization of the ESEM electron beam 
is important. The electron beam current and reduced brightness were measured 
for various electron beam energies. 
Section 4-2 presents the ion source test column setup inside the ESEM 
chamber. The setup control for source parameters (gas inlet pressure, chip bias, 
etc.) is illustrated in this section. The experimental setup to measure the ion 
source total output current and axial ion beam current through an angular 
aperture is also discussed. 
Section 4-3 shows the experimental results from the ion source 
characterization, and discusses the effects of the source parameters on the ion 
source total output current and axial ion beam current. Lorentz was used to 
simulate the ion optics of the ion source test column to obtain the virtual 
source size. Together with the experimental results, the NAIS ion source 
reduced brightness was estimated as a function of the chip bias, with varying 
the extraction voltage and electron beam energy. The NAIS ion source reduced 
brightness was found to be limited by the low brightness ESEM electron beam. 
In future with a better electron column, the NAIS ion source reduced 
brightness for the Ar+ ion is expected to be much higher (107 A/m2SreV). 
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4.1 ESEM electron beam brightness measurement 
The injecting electron beam is important in determining the NAIS ion 
source brightness, as discussed in chapter 1 and 2. Its characteristics like beam 
energy, injecting electron beam size and reduced brightness directly affect the 
ion source output current and reduced brightness, as discussed in chapter 2. 
These electron beam characteristics depend on the facility, for example, the 
ESEM electron source, the electron focusing column optics, vacuum levels of 
the ESEM, and facility maintenance. By experimentally examining them, the 
ESEM primary electron beam will be optimized as the injecting electron beam 
for NAIS ion source. 
4.1.1 The Philips XL 30 ESEM facility in CICFAR 
The Philips XL30 ESEM in CICFAR is employed for the NAIS ion source 
characterization experiments. This ESEM has the advantage that its column is 
originally designed to work with electron beam energy from 200 eV to 30 keV. 
The low electron beam energy 200 eV – 2 keV is interesting for NAIS ion 
source application, since the electron impact gas ionization cross-section is 
relatively high for hydrogen, helium and argon within this range [54, 58, 59]. 
The Philips XL30 ESEM is shown in Fig. 4-1 with schematic of its column. 
The FEG (Schottky emitter) sits in the upper column, typically has a reduced 
brightness of 107 to 108 A/m2SreV [34, 85]. The extractor is usually +4 to +5 
kV biased referred to the FEG, in order to extract an electron beam current of 
typically 200 µA. The exact extraction voltage was calibrated when first 
installing the FEG to the column, together with condenser lens and final lens 
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mechanically alignment. These setting will not be changed during column 
tuning in experiments presented in this chapter. 
 
Figure. 4-1. The Philips XL30 ESEM facility in CICFAR, NUS, with 
schematic of its column.  
The Gun Tilt/Shift electron-magnetic coils displace the electrons and 
change their trajectories. They correspond to the function of positioning and 
aligning the gun unit with the column geometry central axis and the final lens 
object aperture. Ideally for each electron beam energy and final lens object 
aperture chosen, the Gun Tilt/Shift setting should be individually calibrated to 
ensure column alignment. 
Following the gun unit is the condenser lens, which is a weak lens. This 
weak lens will focus the electrons from the gun unit to form a cross-over near 
the final lens object aperture plane, which is few cm below the condenser lens. 
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The position of this cross-over can be varied along the column axis by 
changing the condenser lens’s focal length. By doing this, the beam current 
passing through the final lens object aperture is varied (e.g. 10 pA to 10 nA), 
and the final beam spot size at the sample plane is changed. This corresponds 
to the function “spot-size number” in the Philips XL30 ESEM, as shown in 
Fig. 4-2-a & b. Spot-size number ranges from 1 to 6 in the ESEM will be 
tested for electron beam energy ≤ 2 keV for optimal electron beam current. 
Figure 4-2-a illustrates the operation at spot-size 6 with the condenser lens 
focusing electrons into a cross-over right at the final lens object aperture plane. 
In this spot-size setting, the final lens object aperture is not limiting the 
electron beam current much. The beam current in this mode is high for 
applications requiring fast data acquisition and good signal-to-noise ratio. But 
the beam spot size is large, due to large lens aberrations. In Fig. 4-2-b the 
condenser lens focusing electrons into a cross-over far above the final lens 
object aperture plane. The final lens object aperture cuts the majority of the 
beam and only admitting the para-axial beam. Therefore the final beam spot 
size can be very small (<10 nm), good for high resolution imaging, 
corresponding to the spot-size 1 setting with a beam current of as low as a few 
pA. 




Figure. 4-2. Spot-size operation in the ESEM column by varying the focal 
length of the condenser lens. (a) The “spot-size 6.” operation with maximum 
beam current in the ESEM column. (b) “spot size 1” operation with reduced 
beam current but smaller beam spot size. (c) With smaller final lens object 
aperture used, the beam spot size can be further reduced, but beam current is 
even smaller.  
 The final lens is an electro-magnetic focusing lens with typical working 
distance (WD) of 5 - 15 mm. A typical lens schematic similar to the Philips 
XL30 ESEM final lens is shown in Fig. 4-3 [86].  In principal it is capable to 
focus electron beam of 1-30 keV with a beam current of about 10-100 nA, to 
form a beam diameter of less than 100 nm, depending on its optic properties. 
Each final lens has its own optics characteristics, e.g. spherical aberration 
coefficients and chromatic aberration coefficients, which determine the 
aberration contributions to the final beam spot size. There are also other 
aberrations like off-axis aberrations. These aberrations should be reduced to 
minimum by aligning the beam with the final lens object aperture, which will 
be examined in later experiments.  




Figure. 4-3. Schematics of a typical electro-magnetic lens. The current in the 
lens coils will generate strong magnetic field near the small lens pore pieces 
(few mm), to create strong lens effect for electrons. The low energy (0-50 eV) 
secondary electrons (SE) are collected by the SE detector to form an image. 
Image adapted from Ref [86].   
The final lens object aperture sits above the final lens, and limits the beam 
current. As illustrated in Fig. 4-2-c, with a smaller final lens object aperture, 
the electron beam current can be further reduced and the final beam spot size 
can be minimized. There are total 4 final lens object apertures installed in the 
ESEM assembly to choose from, with diameters of 50 µm, 100 µm, 400 µm 
and 1mm (named respectively as 50 µm-FLOA, 100 µm-FLOA, 400 µm-
FLOA and 1 mm-FLOA for easy reference). Together with the final lens 
magnetic field wobbly (controlled variation of the lens magnetic field on 
purpose), the final lens object aperture can be aligned with the final lens 
central axis with µm level accuracy, to minimize aberrations and optimize the 
beam resolution. More detailed information about the configuration, beam 
calibration and operation of the Philips XL30 ESEM, can be referred to the XL 
Series SEM: Mechanics and XL Series SEM: Operation Manual [87, 88].  
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4.1.2 The optimal electron beam at 1 keV  
In order to have an ion source total output current of >100 pA, the injecting 
electron beam current should be of a few nA and the electron beam diameter 
should be 100 nm to 1 µm. There are a few options available to set the electron 
beam: the electron beam energy, the spot-size number 1-6 and the final lens 
object aperture. In this section, the spot-size number and the final lens object 
aperture size are examined with a fixed electron beam energy of 1 keV. The 
following electron beam characteristics would be measured and their 
definitions would be explained in the next section: the electron beam total 
current Ie-total, the electron beam current passing through a small object 
aperture at the WD plane Ie-obj, the electron beam Full Width at Half Maximum 
(FWHM), and the axial electron beam current Ie-axial passing through an 
angular aperture, for electron reduced brightness estimation. The actual setup 
for these measurements was also used for ion source characterization, and will 
be discussed in later section 4-2.  
 
Figure. 4-4. Schematic of the setup measuring the electron beam total current 
Ie-total.  
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Ie-total: It is the total electron beam current with a chosen spot-size number 
and a fixed final lens object aperture. It was measured by directly shooting the 
electron beam into a Faraday Cup (FC) placed about 25 mm below the final 
lens, as shown in Fig. 4-4. The FC is a carbon cup with drilled hole (diameter 
= 4 mm and depth = 18 mm). With a very long final lens working distance 
WD = 40-60 mm, all electrons are focused into the FC and reach the FC 
bottom. A +36 V DC bias was supplied to the FC using battery. The secondary 
electrons generated by the primary electrons interacting with carbon were 
suppressed from leaving the FC, due to this FC bias and the FC cavity 
geometry. The electron beam current reaching at FC was monitored by a 
Keithley® 6517a Electrometer/High Resistance Meter (with a sensitivity of 0.1 
pA at 200 pA range) in series with the FC bias. The +36 V FC bias is 
sufficient for secondary electron suppression. Further increasing the FC bias to 
+ 36 V and above, the measured Ie-total varied about 3.3%, most probably due 
to the fluctuation of Ie-total and the current integrator’s error.  
Ie-obj: It is the electron beam current passing through a small object aperture 
on a sample placed about 10-15 mm below the final lens. Similar to the 
fabrication process discussed in chapter 3, a chip with free standing Si3N4 
membrane window (about 70 µm × 70 µm) was fabricated. Layers of about 10 
nm Cr +10 nm Au were deposited on both sides of the 1 µm thick Si3N4 
membrane to make both sides conductive. An array of small apertures (named 
as object aperture) with diameter from 0.1 µm to 3 µm was prepared using FIB, 
as shown in Fig. 4-5. Electron beam (set with a chosen spot-size number and a 
fixed final lens object aperture) was focused into one of the object apertures, 
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as in Fig. 4-6. The reason of having a final lens WD=15 mm will be discussed 
in the later section 4.3.6. The chosen small object aperture cuts the electron 
beam and the electron beam current passing through it was recorded (at FC, 10 
mm below the object apertures) by the same current integrator for Ie-total 
recording. This electron beam current is responsible for the ionization in the 
ion source double-aperture ionization chamber in later experiments. 
 
Figure. 4-5. SEM image of a window with many object apertures fabricated 
using FIB.   
 




Figure. 4-6. Schematic of the setup measuring the electron beam current 
passsing though an object aperture Ie-obj.  
The electron beam diameter Full Width at Half Maximum (FWHM): 
Using the static spot mode of the final lens, the electron beam can be focused 
at a chosen position on the sample surface without scanning. A manual beam 
line scan over an object aperture was then performed (Fig. 4-7 and Fig. 4-8), 
during measuring Ie-obj. The electron beam current passing through this object 
aperture was recorded at the Faraday cup. With the object aperture size close 
to be about or smaller than the electron beam spot size, the electron beam 
current line distributions in X and Y were obtained.  




Figure. 4-7. Line scan over a 2 µm diameter object aperture to measure the 1 
keV electron beam current profile in X and Y directions.  
 
Figure. 4-8. Schematic of line scan over a 2 µm diameter object aperture to 
measure the electron beam current profile.  
Generally the observed electron beam spot size is large (diameter in µm), 
and the measured Ie-obj is smaller than Ie-total, with object apertures of diameter 
= 0.5-2 µm used. For example, for 1 keV electron beam with spot-size 3 and 
400 µm-FLOA, the line scan was performed in both X and Y directions using 
a 2 µm diameter object aperture with a step of about 0.3-0.5 µm. The electron 
beam current passing through the object aperture Ie-obj, was about -4 to -5.1 nA, 
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smaller than the electron beam total current Ie-total (measured to be -8.6 nA). 
This indicates that some beam current was cut by this object aperture.  
 
Figure. 4-9. 1 keV electron beam current distribution profile in (a) X and (b) Y 
directions, by line scan over a 2 µm diameter object aperture. Errors are 20%-
30%. 
The transmitted electron beam current was recorded by the FC and the ratio 
of Ie-obj / Ie-total is plotted in Fig. 4-9-a & b for X and Y line scan respectively. 
From Fig. 4-9, the measured electron beam FWHM diameter in X direction is 
about 0.6 – 1 µm, and about 1 – 1.6 µm in Y direction. The electron beam 
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distribution profile shows some astigmatism in X and Y, which can be 
corrected using the ESEM stigmator. There are tails of beam current 
distribution in both X and Y directions. These tails correspond to the beam 
current blocked by the object aperture when measuring Ie-obj. It could be the 
main reason causing the object aperture to gradually close and seal up, which 
will be discussed in the later section 4.3.5. 
The electron axial beam current Ie-axial: It is the para-axial electron beam 
current passing through a small object aperture (as shown in Fig. 4-5) and an 
angular aperture placed about 8.5 mm below the object aperture, as shown in 
Fig. 4-10. The electron beam was set to static mode into the object aperture 
without scanning. The angular aperture was fabricated in similar process as the 
object aperture but with an open window size of about 95 µm × 95 µm. The 
angular aperture was mounted on a separate XY piezo stage (SmarAct® 
S1720-HV). This precise piezo driven stage allows a minimum step size of 50 
nm, with integrated closed-loop sensor sensitivity of 10 nm [89]. Therefore the 
angular aperture can be accurately positioned in X and Y directions 
perpendicular to the electron beam travelling direction (Z) to capture the 
maximum axial electron beam current.  
 




Figure. 4-10. Schematic of the setup measuring the electron beam axial current 
 Ie- axial.  
For each final lens object aperture (50 µm-FLOA, 100 µm-FLOA, 400 µm-
FLOA and 1 mm-FLOA), the 1keV electron beam current Ie-axial, Ie-obj, and  Ie-
axial were measured using a 2 µm diameter object aperture at different spot-size 
number (1,2,3,5 and 6, number 4 is not available in the ESEM setting). The 
beam FWHM width was measured with proper size object apertures 
accordingly. For each final lens object aperture or spot-size number changed, 
the electron beam column was aligned as discussed in section 4-1-1. Details of 
the measurements are presented in Table 4-1. The errors (Er) in the results are 
mainly due to the electron beam fine tuning setting variation, the electron 
beam current fluctuation, and the current integrator’s error for different 
measurement range.  
 
Chapter 4.1 ESEM electron beam brightness measurement 
85 
 
(a)   50 µm FLOA   
Spot-
size No. 






±10% Er ±5% 
(µm) (pA) (pA) (pA) 
1 \ # # # 
2 \ -8 -5 -5 
3 \ -57 -42 -30 
5 \ -136 -57 -25 
6 \ -166 -116 -90 
     
(b)   100 µm FLOA   
Spot-
size No. 






±10% Er ±5% 
(µm) (pA) (pA) (pA) 
1 0.5 -8 -5 # 
2 0.7 -72 -42 -25 
3 1 -900 -448 -280 
5 2 -1065 -633 -296 
6 2.2 -1620 -1280 -740 
    
 
 
(c )   400 µm FLOA   
Spot-
size No. 






±10% Er ±5% 
(µm) (pA) (pA) (pA) 
1 0.7 -44 -25 -4 
2 1 -632 -330 -36 
3 2 -6820 -4000 -480 
5 3 -7240 -4000 -525 
6 3.5 13800 8000 980 
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(d)   1 mm FLOA   
Spot-
size No. 






±10% Er ±5% 
(µm) (pA) (pA) (pA) 
1 0.7 33 21 1 
2 1.5 739 280 33 
3 2-2.5 7260 3300 337 
5 2.5-3 8600 3880 * 
6 3.5-4 17600 9000 * 
\ Not applicable 
#Current too small to detect 
* Electron beam current too large to cause severe charging  
around the aperture for image the aperture 
Table 4-1. The 1 keV electron beam current Ie-axial, Ie-obj, beam diameter and Ie-
axial measured using a D=2 µm object aperture at different spot-size number 
and final lens object aperture. (a) 50µm-FLOA, (b) 100µm-FLOA, (c) 400µm-
FLOA and  (d) 1mm-FLOA. 
The first observation from Table 4-1 is that the electron beam current Ie-obj 
is generally smaller than Ie-total with the same FLOA and spot-size number. 
This means the electron beam size is generally larger than the object aperture 
size (D=2 µm), especially for 400 µm-FLOA and 1 mm-FLOA at spot-size 
number ≥ 3. For conventional SEM with Schottky emitter, the electron beam 
can be easily focused into spot size < 100 nm with beam current up to 100 nA 
[34]. This implies that the 1 keV electron beam of this ESEM does not have a 
very high reduced brightness. The calculated electron beam reduced brightness 
results would be discussed in the flowing section 4.1.3. 
The second observation from Table 4-1 is that the optimal FLOA should be 
the 400 µm-FLOA and the spot-size number should be set as 3. Among the 
three types of electron beam currents measured, Ie-obj is most important, as it is 
the actual electron current for the ionization. Ideally Ie-obj should be of at least 
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few nA for a good ion current, therefore only 400 µm-FLOA and 1 mm-FLOA 
are suitable with spot-size No. ≥ 3. Although 1 mm-FLOA can deliver higher 
Ie-obj as high as -9 nA (spot-size 6 in table 4-1-d), electron charging was 
observed at the object aperture. The electron beam has a tail with high current 
and quickly charges up the area around the object aperture and induces 
deposition around the object aperture. For the same reason, small spot-size 
number should be used to reduce this effect. Thus the optimal setting is chosen 
as 400 µm-FLOA and spot-size 3. This setting would be used in the rest of 
experiments discussed in this chapter unless specified separately.      
4.1.3 The optimal electron beam energy study and Bre measurement 
The optimal ESEM column setting has been tested and chosen as 400 µm-
FLOA and the spot-size 3 for a focused beam with a few nA beam current. In 
this section the electron beam energy is varied to measure the electron beam 
current and beam size. Another effect of varying the electron beam energy is 
that the electron impact gas ionization cross-section will vary, thus changing 
the ion source total output current. The overall effect of the electron beam 
energy will be discussed in the ion source characterization section 4.3.   
With the electron beam energy varying from 400 eV to 1.9 keV, the 
electron beam current Ie-axial, Ie-obj, and beam diameter were measured for a 
chosen electron beam energy, and the results are presented in Table 4-2, with 
the same the setting (400 µm-FLOA +  spot-size number 3).  
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diameter Er ±10% Er ±10% Er ±5% 
(keV) (µm) (nA) (nA) (pA) 
0.4 / -2.71 -1.24 -280 
0.5 1.5-2 -4.66 -1.8 -370 
0.7 1.5-2 -4.64 -2.78 -480 
1 1-1.5 -5.9 -3.2 -407 
1.2 / -7.1 -3.56 / 
1.3 / -7.66 -3.91 / 
1.5 0.7-1 -8.2 -6.1 -727 
1.7 / -9.4 -5.32 / 
1.9 0.5 -10.1 -6.68 -1049 
/ Data not measured. 
Table 4-2. The electron beam current Ie-total, Ie-obj (via a D=2 µm object 
aperture), beam diamter and Ie-axial measured for electron beam energy from 
0.4 keV to 1.9 keV, with 400 µm-FLOA and spot-size number 3. 
The electron beam current generally increases and the electron beam size 
decreases with the electron beam energy varying from 0.4 keV to 1.9 keV 
(Table 4-2). With even higher electron beam energy, the electron beam current 
increase further more and tends to level off (Table 4-3).  
Electron   Ie-total 
Ie-obj  via a 
D=2µm 
Ie-obj  via a 
D=1µm 
beam 
energy Er ±10% object aperture object aperture 
(keV) (nA) (nA) Er ±10%  (pA) Er ±10% 
1.9 -10.1 -6.68 -4.76 
3 -11.3 -6.17 -4.36 
4 -12.6 -6.6 -4.45 
5 -13.1 -7.7 -5.21 
Table 4-3. The  electron beam current Ie-total, Ie-obj (via a D= 2 µm and a D=1 
µm object aperture) for electron beam energy from 1.9 keV to 5 keV, with 400 
µm-FLOA and spot-size number 3. 
The electron beam currents Ie-obj in Table 4-2 are about -1 to -6 nA for low 
electron beam energy (<2 keV), which are favored for higher electron impact 
gas ionization cross-section [54, 58]. It is therefore useful to study the electron 
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beam current profile and reduced brightness Bre for these low beam energy 
electrons.  
To experimentally measure the electron beam Bre, there are several methods 
reported, and the two-diaphragm or two-slit method [85] is suitable in the case 
of ESEM low energy electron beam, since the electron beam size is larger than 
the chosen object aperture. The electron axial beam current Ie-axial passing 






The electron beam currents Ie-obj and Ie-axial were measured for electron 
beam energy of 0.5 keV, 0.7 keV, 1.0 keV and 1.5 keV (Table 4-2). Bre can be 
calculated using Eq. 4.1 and the electron beam current density Je at the object 




Smaller size object apertures were used for higher electron beam energy, as 
the electron beam sizes for higher electron beam energy are smaller. The 
object apertures diameters used were slightly larger than the electron beam 
𝐽𝑒 = 𝐼𝑒−𝑜𝑜𝑜𝐴𝑜 = 𝐼𝑒−𝑜𝑜𝑜𝜋4𝐷𝑂2  A/m2 
Ie-obj: the electron beam current pass through the chosen object aperture  
Do: the object aperture diameter 
Ao: the object aperture area 
 
(4.2)                               
𝐵𝑟𝑒 = 𝐼𝑒−𝑎𝐸𝑖𝑎𝑎𝐴𝑆𝛺𝐸 ≈ 𝐼𝑒−𝑎𝐸𝑖𝑎𝑎𝐴𝑜 𝐴𝑎𝐿2 𝐸 A/m2 SreV                               
AS: the virtual source area 
Ao: the object aperture area 
Aa: the angular aperture area 
Ω: the solid angle of the electron beam  
L: the distance between the two apertures 
E: the beam energy at the angular aperture plane 
(4.1)                               
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FWHM diameters. Therefore the electron beam current density Je in Table 4-4 













energy Diameter Ie-obj density Je Ie-axial brightness Bre 
 (keV) (µm) (nA) (A/m2) (pA) (A/m2SreV) 
0.5 3 -1.8 255 -390 828 
0.7 2 -2.8 891 -370 1216 
1 2 -3.2 1019 -385 885 
1.5 1 -6.1 7767 -710 4354 
Table 4-4. The electron beam current density Je and reduced brightness Bre for 
electron beam energy of 0.5 keV, 0.7 keV, 1.0 keV and 1.5 keV, with 400 µm 
FLOA and spot-size No. 3. 
 
The line scan method (Fig. 4-8) does not have fine resolution, for the 
electron beam current density distribution at the object aperture plane. On the 
other hand, the electron beam axial current density Ie-axial can be easily 
measured at the angular aperture plane with the piezo XY stage scanning. 
Thus the electron beam current density distribution at the angular aperture 
plane can be obtained, as plotted in Fig. 4-12 for 0.5 keV, 0.7 keV, 1.0 keV 
and 1.5 keV electron beam. 
 





Figure. 4-11. The normalized electron beam current X and Y distributions at 
the angular aperture plane for electron beam energy of (a) 0.5 keV, (b) 0.7 
keV, (c) 1.0 keV and (d) 1.5 keV . 
Chapter 4.1 ESEM electron beam brightness measurement 
92 
 
The axial currents Ie-axial along the scan axis with the angular aperture 
scanning were experimentally recoded. Then Ie-axial is normalized against the 
maximum Ie-axial along each scan (with step size 5-7 µm). If the electron beam 
current distributions are assumed to be Gaussian, then Gauss curves can be 
fitted to the measured data. The main purpose of the Gauss fit is to have an 
idea of the electron beam distribution shape rather than the absolute amplitude. 
Generally the electron beam FWHM diameter at the angular aperture plane is 
decreasing (from 300 µm to 200 µm) with increasing beam energy (from 0.7 
keV to 1.5 kev), as shown in the Fig. 4-11 Gauss fit plots. 
Table 4-4 shows that the electron beam Bre measured increases dramatically 
with increasing electron beam energy. The electron beam Bre was measured to 
be only around 103 A/m2SreV, much lower than reported value of in the 
conventional SEM [34]. One possible cause of the low brightness is the aging 
of the FEG emitter, which could have an electron virtual source size much 
larger than 100 nm. Another possible cause is that the ESEM column optical 
properties deteriorate with gas contamination inside the column before this 
thesis. Therefore large lens aberrations contribute to the beam size, especially 
for low energy electron beam. Thus the measured Bre varies with different 
beam energies, as the lens aberration contributions to the beam spot size are 
larger for low energy beam. 
In summary, the Philips XL30 ESEM electron column was calibrated for 
optimal resolution and beam current, based on its current hardware and 
maintenance status. The S E M  chamber and column vacuum is 3-4 ×10-6 
mbar and 1-2 ×10-9 mbar respectively during experiments. The optimal final 
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lens object aperture was found to be 400 µm diameter and spot-size number to 
be 3. The effective electron beam Bre was measured for low beam energy (0.5-
1.5 keV). With this range of injecting electrons, the NAIS ion source should 
be experimentally examined. 
4.2 NAIS experimental setup inside the ESEM chamber 
The ion source chip with double-aperture ionization chamber has been 
fabricated and installed in a chip holder, as discussed in chapter 3. To 
characterize the NAIS ion source, its source output current Iion-total and source 
reduced brightness Br will be measured. A preliminary ion source test column 
is set up inside the Philips XL 30 ESEM chamber. 
4.2.1 The ion source test column setup 
A preliminary ion source test column was designed, with its schematic 
shown in Fig. 4-12 and the actual components shown in Fig. 4-13. The actual 
setup inside the ESEM chamber is shown in Fig. 4-14. 
 
Figure. 4-12. Schematic of the ion source test column (not to scale). 





Figure. 4-13. The components used in the ion source test column. 
 
Figure. 4-14. The ion source test column setup inside the Philips XL30 ESEM 
chamber.  




Chip holder (Fig. 4-13-a): the chip holder has been discussed in section 
3.2.1. 
Extractor (Fig. 4-13-b): the extractor is made of 1 mm thick stainless steel. 
The extractor has a protruding cone shape with a D=1 mm central hole to 
bring the extraction plane close to the ion source. It will be biased with a 
negative DC high voltage VExt to pull out ions from the source. It is placed at 
2.0 mm from the source chip double-aperture ionization chamber. 
Faraday cup (FC) (Fig. 4-13-b): the carbon Faraday cup is made of a D=4 
mm and depth = 18 mm well to collect ions. This aspect ratio is designed to 
stop the secondary electrons (produced by the ion bombardment to carbon) 
from leaving the FC. 
Suppressor (Fig. 4-13-b): the suppressor plate is made of 1 mm thick 
stainless steel with a D=6 mm central hole. It will be biased as the same VExt as 
the extractor. Despite from suppressing the secondary electron leaving the FC, 
it is also used to ensure the space between the extractor plane and the angular 
aperture plane is field free for brightness measurement. 
The angular aperture (AA) (Fig. 4-13-c): the angular aperture is the same 
as used in the electron beam current measurement (section 4.1.2). AA is 
mounted on a Teflon holder.  It is biased at the same VExt as the extractor and 
suppressor to measure the axial ion beam current Iion-total passing through it. 
The Teflon holder is mounted on the same XY piezo driven stage as in section 
4.1.2 (SmarAct S1720-HV) to capture the axial ion beam. Its KOH etched 
pyramid window is facing the ion source and the extractor. Its flat Si3N4 




membrane side is facing the suppressor and FC. It is placed at 10 mm below 
the source double-aperture ionization chamber. 
 
Figure.4-15. Improved chip holder for secondary electron detection. (a) Only 
secondary electrons with large emission angle can reach the detector. (b) A 
trench open at the chip holder would assist secondary electrons to be detected. 
 




 One important adjustment of the chip holder is shown in Fig. 4-15. A 
trench was made on the chip holder wall to assist secondary electron (SE) 
imaging during experiment. The secondary electrons generated by the primary 
electron beam at the sample surface have different emission angles. The SE 
angular distribution suggests that the SE collection yield can be improved with 
wider SE collection angle [85]. With a trench made on the chip holder wall, 
the number of secondary electrons reaching the detector is significantly 
increased (Fig. 4-15-a). Therefore, the signal-to-noise ratio in the secondary 
electron imaging is improved. This helps to focus the primary electron beam. 
The full ion source characterization setup is shown in Fig. 4-16 and Fig. 4-
17. Argon gas is supplied from a pressurized cylinder to the gas feed line with 
gas pressure about 1-2 bar before the Varian all metal gas dosing valve (Fig. 4-
17-b), which regulates the gas low (finest resolution 10-11 mbar l/s). The gas 
inlet pressure is measured by the vacuubrand® VSK 3000 diaphragm gauge 
(Fig. 4-17-a, range from 0.1 mbar to 1 bar) for all gases. The gas inlet pressure 
is read at the vacuubrand® DCP 3000 gauge controller (Fig. 4-17-b, resolution 
0.1 mbar). Depending on the gas inlet pressure, the ESEM chamber vacuum 
level raises from 3×10-6 mbar to 5-7×10-5 mbar. The upper electron column 
vacuum level increases slightly to 2×10-9 mbar. There are 5-6 FIB drilled 
double-apertures in the chip with typically D=1-2 µm. A roughing pump is 
connected in the gas feed line to pump down the gas feed line pressure to 10-2 
mbar, before Argon gas is fed in. 
 





Figure. 4-16. Schematic of the ion source characterization setup with the 
ESEM. 
 
Figure. 4-17. The ion source characterization setup with the ESEM, 
gas/voltage feed-through, and piezo stage control. 




With gas supplied into the source chip, electrons are introduced into the 
double-aperture ionization chamber and ions are generated. The extractor is 
capable to supply a high voltage (up to -10 kV) by using a Spellman’s Bertan 
Series 225 high voltage power supply (Fig. 4-17-a). Extractor is connected in 
parallel with the angular aperture and suppressor, all powered by the same HV 
supply. 
The chip bias is a DC voltage output (0 to +60 V) between the two Si3N4 
membranes. It is supplied using batteries connected in series with a variable 
resistor (Fig. 4-17). Another battery box is connected in series with the FC and 
the current integrator (same one used in section 4.1 for electron beam test) 
with a DC bias (DC voltage polarity can be switched manually). The current 
integrator monitors and reads the charge current at the FC. This Faraday cup 
DC bias has been varied in experiments from 0 V to -110 V for current reading. 
-36 V was found sufficient, above which the current reading change was 
insignificant. 
4.2.2 The ion source test column alignment 
Before the ion source characterization experiment, the ion source test 
column should be mechanically aligned. Most components of the ion source 
test column (except for the angular aperture) are rotationally symmetric with 
relative larger feature size (~ mm) and were fabricated with an accuracy of 50 
- 100 µm, measured using an optical microscope. The alignment is achieved 
during assembling. The alignment between the chip double-aperture and the 
extractor central hole (Fig. 4-18), is with an accuracy of about 50-100 µm.  





Figure. 4-18. Alignment of the double-aperture and extractor 1 mm hole, 
viewed with an optical source beneath. 
 
Figure. 4-19. Optical alignment of  the extractor  and the angular aperture. 
     The alignment between the extractor and the angular aperture is 
achieved in two steps. The first step is a rough alignment under an optical 
microscope. The accuracy is about 100 µm (Fig. 4-19), but good enough for 
later experiments to achieve a first ion current reading. The second step is fine 
alighment by the XY piezo stage scan. With ion beam runing, the XY piezo 
stage scan can be controlled with very small step (< 1 µm). 
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4.3-NAIS experiments results and discussions 
In the previous sections, the Philips XL30 ESEM injecting electron beam 
size and brightness were measured. The ion source test column was installed 
and aligned inside the ESEM chamber. In this section the ion source total 
output current Iion-total, and the axial ion beam current Iion-axial are measured as a 
function of the argon gas inlet pressure PAr, the chip bias VCb, the extraction 
voltage VExt and the injecting electron beam energy. The experimental results 
are discussed with the help of Lorentz simulation. The axial ion beam current 
Iion-axial is used to estimate an experimental value of the ion source reduced 






The only unknown parameter in Eq. 4.3 is the ion virtual source size, which 
will be calculated using Lorentz simulation, as in chapter 2.2.  
4.3.1 Measurement of the ion source total output current and the axial ion 
beam current 
Similar to the electron beam study, the experiments in this section measure 
the ion source total output current Iion-total, and the axial ion beam current Iion-
axial. Since the low energy (<2 keV) electron beam diameter is relatively large 
𝐵𝑟 = 𝐼𝑖𝑜𝑖−𝑎𝐸𝑖𝑎𝑎𝐴𝑆𝛺𝑉𝐸𝐸𝑡 ≈ 𝐼𝑖𝑜𝑖−𝑎𝐸𝑖𝑎𝑎𝜋𝑑𝑣24 𝐴𝑎𝐿2 𝑉𝐸𝐸𝑡 A/m2 SreV                               
AS: the virtual source area 
dv: the virtual source diameter 
Aa: the angular aperture area 
Ω: the solid angle of the ion beam  
L: the distance between the virtual source and angular aperture 
VExt: the beam energy at the extractor and the angular aperture plane 
(4.3)                         
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(1-2 µm), double-apertures of D= 2µm were used for the measurements.  Fig. 
4-20 shows the schematic setup of the ion beam current measurement. The 
angular aperture (AA, size 95 µm × 95 µm, 10 mm below the double-aperture) 
can be precisely moved by the XY piezo stage scan to capture the maximum 
Iion-axial, passing through AA and recorded at the Faraday cup (FC). Knowledge 
of Iion-axial is important for the later ion optics column. In electron/ ion beam 
columns, the charged particle beam collimated by the extractor and apertures 
typically needs to have a beam divergence of few mrad in order to focus the 
beam to a sub-10 nm beam spot [5, 7, 11, 74, 85, 90]. In the ion source test 
column design, the AA limits the maximum beam half divergence to be ~5 
mrad. 
 
Figure. 4-20. Schematic of the setup measuring the ion beam current Iion- total 
and Iion- axial, with the marked distance L=10 mm, L1=2 mm and L2=5 mm. The 
angular aperture has a width W= 95 µm. 
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The ion source total output current Iion-total can be measured when the Teflon 
angular aperture holder is completely withdrawn. Since there are ions of 
different charge states generated from argon gas (Ar+, Ar2+, Ar3+,…), the 
measured Iion- total and Iion- axial are the sum of all charge states, of which about 
88.8% is Ar+ and 4.1% is Ar2+ with 1 keV electrons [54]. The main ion of 
interest is Ar+. 
4.3.2 Gas inlet pressure variations 
The ion beam current Iion- total and Iion- axial was measured as a function of the 
argon gas inlet pressure PAr.  PAr was regulated and varied from 1 mbar to 1 
bar using the gas feed system shown in Fig. 4-17. A double-aperture of D=2 
µm was employed with an injecting electron beam energy of 1 keV (Ie-obj =  
-3.2 nA, current into the double-aperture). The chip bias VCb was fixed at +9 V 
and the FC bias was fixed at -36 V. The extraction voltage VExt (supplied to the 
extractor and suppressor) was -1150 V. The measured results are shown in Fig. 
4-21. 
The experimental results show that the ion source total output current Iion- 
total increases with the gas inlet pressure PAr. and then levels off. In the case of 
the axial beam current Iion-axial, it reaches a maximum value and then decreases. 
As discussed in chapter 1.3, collisions between the ions and gas molecules 
become dominant after PAr reaches a certain optimal gas inlet pressure. This is 
because as the pressure increases, there comes a point where gas atoms start to 
significantly block the path of ions reaching out the double-aperture ionization 
chamber. The optimum PAr inside the double-aperture ionization chamber is 
expected when the gas molecule’s mean free path λ is roughly equal to the 
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electron impact path length (section 1.3) [21]. With an electron impact path 
length of around 2.5 µm (2 µm Si3N4 + 500 nm spacer), the theoretical 
optimum argon gas pressure at the double-aperture is about 26 mbar.  
 
Figure. 4-21. The measured ion beam current (a) Iion- total and (b) Iion- axial as a 
function of the argon gas inlet pressure PAr. Maximum error is ±10 %. 
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The maximum Iion- total was observed experimentally to be at a gas inlet 
pressure of 700-800 mbar. The reason for this comes from the fact that the gas 
pressure falls along the channel from the gas inlet point to the center of the 
double-aperture. From Fig. 4-21-a, the max ionization ratio (Iion- total / Ie-obj) is 
about 3.7%, a bit higher than the predicated max value 1.3%. This suggests 
that the ion-gas molecule collision effect is smaller than expected on the ion 
beam current. The SEM chamber and column vacuum was also monitored 
during experiments. The gas inlet pressure was kept below 800 mbar to keep 
the SEM chamber vacuum reaching too high (10-4 mbar) and maintain the 
electron column vacuum at low 10-9 mbar. In this case the electron emission 
current and beam resolution was not observed changing much. 
Another effect influencing the optimal value of the gas pressure is the 
widening of the gas channel (spacing between the double-apertures Ts), due to 
deformation caused by pressure difference. The spacing may increase to 1-2 
µm from 200 nm, as observed by Jun et al.[53]. This deformation will 
effectively shift the optimal gas inlet pressure to a lower value, without 
changing the total ion beam current. On the other hand this deformation will 
also require a higher chip bias to maintain the ion output current, and thereby 
increases the energy spread of the ion beam (as discussed in section 2.2). It 
was not possible to monitor any double-aperture spacing deformation due to 
hardware limitations of the Philips XL30 ESEM.  
In summary, the optimal gas inlet pressure was found to be about 700-800 
mbar for the preliminary ion current measurement. At higher gas inlet 
pressures more gas leaks through the double-aperture, and produces longer gas 
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tails. Any excess gas inlet pressure above 900 mbar strongly influences the 
SEM chamber pressure, and increases the rate of collisions between the ions 
and gas molecules along the electron ionization path (Z axis), leading to a 
reduction in the axial ion beam current (Fig. 4-21-b). Unfortunately, it is very 
difficult to shorten the chip gas channel length, as the gas sealing inside the 
chip holder (e.g. O-ring) needs some space of at least a few millimeters. In 
future experiments with a better electron beam, a smaller-sized double-aperture 
can be used to reduce the gas leakage through it. This will help to equalize the 
pressure along the gas feed channel and reduce the gas leakage through the 
double-aperture region. 
4.3.3 Chip bias VCb variations 
Computer software Lorentz [62] simulations were carried out besides the 
experimental ion beam current measurements, in order to help interpret the 
experimental results, and understand how it differs from the ideal layout 
simulated in chapter 2. Figure 4-22 shows the ion source test column setup 
using Lorentz, based on the ion source chip fabrication and the ion source test 
setup in previous sections. The Si3N4 membrane thickness is 1 µm with a 
spacing of 500 nm. VCb is applied between the two thin layers of metal (10nm 
Cr + 10 nm Au) on top of the Si3N4 membranes (Fig. 4-22-c). From the gas 
distribution simulation using COMSOL, ions are assumed to be generated 
within the double-aperture ionization chamber (D=2 µm) region. Similar to the 
ion optics simulation in 2.1.3, ions are assumed to be emitted from five planes, 
weighted according to the COMSOL simulated gas distribution and the 
electron beam Gaussian profile. The ESEM 1 keV injecting Gaussian electron 
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beam is assumed to have a beam FWHM of 1.3 µm. As before, they are 
emitted with a thermal energy 0.0385 eV and a maximum initial angle θ. The 
potential at the extractor, AA and suppressor are fixed at VExt = -1550 V.  The 
Faraday cup (D=4 mm and length = 18 mm) is kept at -36 V and only its 
entrance part is shown in Fig. 4-23-a.  
 
Figure. 4-22. The ion source test column model using Lorentz. (a) the full 
column with FC entrance, (b) the source chip with Si3N4 window and (c) the 
double-aperture region. Chip bias is applied on thin metal electrodes 
(represented by lines) on top of the Si3N4 membranes. Lines 1-5 are the 
position of the emission planes used in the simulations. 




Figure 4-23. The ion trajectories with different emission angles. (a) at the 
double-aperture center and (b) at the angular aperture. The initial ion energy is 
set as 0.0385 eV, with VCb= 60 V. 
From the previous simulation in chapter 2.2, the optimal chip bias field ECb 
is about 107 V/m. With the spacing across the two Si3N4 membranes as 2.5 µm, 
the chip bias VCb was set to vary from 0 V to 60 V. The emitted ions have 
initial velocities in random directions, but simulation shows that only ions with 
θ≤ ±10° will pass through the angular aperture AA and contribute to Iion-axial, 
even for large VCb= 60 V (Fig. 4-23). Thus the following simulations only trace 
the small emission angle (≤±10°) ions trajectories.  
The consequence of the chip bias increasing in the ion source test column is 
that the ion beam cross-over shifts further from the source and more ions pass 
through AA, as shown in Fig. 4-24. The region between the extractor and AA 
is electric field free, in which ions travel in straight lines and all ions simulated 
reach the AA plane (Fig. 4-24). With VCb = 0V, a cross-over at about 440 µm 
away (Fig. 4-24-a) is observed. If only looking at the ion trajectories, this 
scenario is ideal for ion optics since it has a very narrow beam. But the ion 
beam current was experimentally measured to be low (Fig. 4-25). With an 
increasing VCb, its lens effect is stronger, as discussed in chapter 2.2.2. 
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Increasing VCb has a stronger lens effect and results in smaller beam 
divergence, and starts to focus (together with the extractor) the ions into a 
cross-over further away from the double-aperture (from about 0.9 mm at VCb 
=9 V to about 3 mm at 60 V). The beam width before the AA plane is reduced, 
from about 800 µm (9 V) to 500 µm (60 V), indicating that more ions pass AA 
to reach the Faraday cup. The combined effect from the chip bias and 
extraction field seems to act like a very weak lens, which has a very long focal 
length.  
 
Figure. 4-24. Ion trajectory simulation using Lorentz in the ion source test 
column with different chip bias VCb. (a) 0 V, (b) 9 V, (c) 36 V and (d) 60 V 
with a fixed VExt =-1550 V. 16 equal-potential lines are shown between the 
source chip and the extractor. 
 




Figure. 4-25. The measured ion beam current (a) total output current Iion- total 
and (b) axial ion beam current Iion- axial as a function of the chip bias VCb with 1 
keV injecting electron beam, PAr = 700 mbar and VExt = -1550 V. 
Experimentally, the ion beam currents Iion- total and Iion- axial were measured as 
a function of VCb from 0 to 60 V, with PAr = 700 mbar and VExt = -1550 V, as 
shown in Fig. 4-25. With increasing VCb, Iion- total was observed to increase and 
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saturate at a high chip bias (> 35 V). This is due to the influence of a stronger 
chip bias field that helps accelerate ions out of the double-aperture ionization 
chamber, where the extraction field is not strong. Iion-axial increased with 
increasing VCb as well, and is consistent with the simulation results shown in 
Fig. 4-24. The levelling off in Fig. 4-25 is consistent with Fig. 2-10-a in 
chapter 2.2.2, which predicts that the beam divergence reaches a certain 
minimum, then increases slightly with VCb increasing further. 
4.3.4 Extraction voltage VExt variations 
As discussed in 2.2.1 Fig. 2-9, increasing the extraction voltage VExt leads to 
a certain minimum beam divergence, and then it starts to grow slightly larger. 
Its lens effect in the ion source test column is expected to be stronger with a 
higher VExt, as confirmed by the Lorentz simulation shown in Fig. 4-26. With 
higher VExt, the cross-over is shifted closer to the double-aperture, from 1.1 
mm (at -1050 V) to 0.55 mm (at -2550 V) and 0.4 mm (at -10050 V). 
Meanwhile, the beam spot size at the AA plane is smaller. All beam rays 
emitted from planes 1-5 converge towards the central axis simultaneously. In 
terms of the extracted beam current, the simulations predict that the beam 
current passing through AA is expected to increase with higher VExt and level 
off at certain maximum value. 
The ion beam currents Iion- total and Iion- axial were measured experimentally as 
a function of VExt from -1050 to -3550 V, with PAr = 700 mbar and VCb = 9 V. 
The extraction voltage was set to a potential larger than -1000 V, in order to 
repel the injection 1 keV electron beam and prevent it from passing through 
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the extraction plane. The measured ion beam currents Iion- total and Iion- axial are 
shown in Fig. 4-27. 
 
Figure. 4-26. Ion trajectory simulation using Lorentz in the ion source test 
column with different extraction voltage VExt. (a) -1050 V, (b) -1550 V, (c) -
2550 V and (d) -10050 V, with a fixed VCb = 9 V. 16 equal-potential lines are 
shown between the source chip and the extractor. 
The ion beam currents Iion- total and Iion- axial were observed to both increase 
first with increasing extraction voltage, as predicted by simulation (Fig. 4-26), 
since the greater extraction voltage provides more acceleration to the ions 
leaving the source, reducing the beam divergence and therefore allowing more 
ions to go through the angular aperture AA. However, the ion beam current 
was then observed to drop quickly for extraction voltages more than -2050 V. 
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This decrease in the ion beam current at higher extraction voltages was not 
predicted by the simulation (Fig. 4-26), which predicts that the extracted ion 
beam current should continue to increase. 
 
 Figure. 4-27. The measured ion beam current (a) total output current Iion- total 
and (b) axial ion beam current Iion- axial as a function of the extraction voltage 
VExt with 1 keV injecting electron beam, PAr = 700 mbar and VCb = 9 V. 
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One possible cause for this unexpected behavior may be from the 
misalignment between the source chip and the extractor lens with an alignment 
error Δr possibly as high as 100 µm, due to the ion source test column 
components fabrication accuracy. With a 100 µm misalignment between the 
source chip and extractor, the extracted ion beam predicted by the simulations 
is deflected away from the Faraday cup when VExt is high enough, as shown in 
Fig. 4-28. The center of the source chip was assumed to be 100 µm off from 
the extractor lens axis. As VExt increases, more ion are pulled away from 
reaching the Faraday cup (Fig. 4-28-c and d). The misalignment is not likely to 
be as large as 200 µm, as shown in Fig. 4-28-e and f. For VExt = -1950 V with a 
200 µm misalignment, there would be almost no ion axial beam current 
collected at Faraday cup, as the majority of the ions would be pulled to the 
suppressor plate. But in the experiment, the ion axial beam current with VExt = 
-1950 V was still high (Fig. 4-27). Therefore the misalignment between the 
source chip and extractor can be estimated to be 100 µm. This 2D 
misalignment simulation only serves to illustrate how misalignment could 
result in the extracted beam current to drop with increasing voltage. A much 
more rigorous 3D simulation analysis is required to investigate this further. For 
the moment, the preliminary experimental results cannot be used to understand 
how the ion source characteristics change as a function of VExt..  
In order to be able to increase VExt further in future experiments, the most 
critical work is to improve the alignment accuracy (<50 µm), by carefully 
looking at the ion source test column design. For example, by mounting the 
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source chip and the extraction on separate stages, then the effect of further 
increasing the extraction voltage can be properly investigated. 
 
Figure. 4-28. Ion trajectory simulation using Lorentz in the ion source test 
column with a 9 V chip bias and different extraction voltages. The chip 
double-aperture is set 100 µm up relative to the extractor center for VExt.. (a) -
1550 V, (b) -1550 V with the angular aperture, with 40 equal-potential lines 
showing the field lens, (c) -3050 V, (d) -3050 V with the angular aperture. 
Misalignment is set 200 µm in (e) -1950 V and (f) -1950 V with the angular 
aperture. 
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4.3.5 Electron beam energy variations 
In principle changing the injecting electron beam energy has two effects.  
One effect is changing the electron impact gas ionization cross-section. The 
other effect is changing the electron beam optics, thus changing the electron 
beam current Ie-obj into the double-aperture and the electron beam FWHM 
diameter, as discussed in chapter 4.1.3, for electron beam from 500 eV to 2 
keV. The combined effect of the injecting electron beam energy on the ion 
source characteristics can only be found out by experiment.    
The change of the ESEM electron beam resolution as a function of the 
electron beam energy is shown in Fig. 4-29. Comparing Fig. 4-29-a, b & c (or 
Fig. 4-29-d, e & f), clearly the electron beam resolution is improving with 
increasing electron beam energy, for the same extraction voltage and chip bias. 
Comparing Fig. 4-29-a and b (or c and d, or e and f), the images Fig. 4-29-d, e 
and f without applying extraction voltage and chip bias show better signal-to-
noise ratio. The electron beam resolution is similar as measured in chapter 
4.1.3. Both the extraction voltage and chip bias only affect the trajectories of 
the low energy (<100 eV) secondary electrons (SE), therefore the secondary 
electron imaging. Their effects on the primary electrons (keV) can be 
neglected. This was confirmed by measuring the electron beam currents going 
through the double aperture Ie-obj, with and without applying extraction voltage 
and chip bias. The extraction and chip bias will not affect this beam current 
much (±5%). 




Figure. 4-29. The double-aperture images taken during ESEM operation for 
different electron beam energies and extraction voltages VExt at the same final 
lens WD=15 mm. 
Higher energy electron beam have larger beam currents (chapter 4.1.3). 
Focusing electrons into the double-apertures, the electron beam always have 
some current from its distribution tail hitting at the double-aperture edges, 
possibly inducing deposition and charging. Hence aperture sealing is observed 
after few hours or few days experiment (Fig. 4-30). The electron induced 
deposition could origin from the contaminations in the ESEM chamber or 
carbon sources from the oil diffusion pump. Moreover, the electron beam 
shows obvious tails in Fig.-4-29-e & f. This is probably due to electron source 
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tip deterioration and beam astigmatism as well, which could lead to a faster 
double-aperture sealing up, at electron beam energy of 1.5 keV with a much 
higher beam current than 1 keV electron beam. During experiments, several 
double-apertures were prepared on the same source chip, due to this sealing 
problem. With an average distance of ~10 µm between two double-apertures, 
this distance difference also contributes to the source chip double-aperture to 
extractor misalignment, since the extractor position is fixed. 
 
Figure. 4-30. The double-aperture sealling up SE images taken with ESEM. (a) 
unsealed, partially sealed and fully closed double-apertures and (b) an almost 
sealed up double-aperture.   
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The ion beam currents Iion- total and Iion- axial were measured experimentally as 
a function of the injecting electron beam energy from 500 eV to 3 keV, with 
PAr = 700 mbar, VCb = 9 V, with adjusted VExt that is -50 V more negative than 
the electron beam energy. The results are presented in Fig. 4-31. 
 
Figure. 4-31. The measured ion beam currents (a) total output current Iion- total. 
Error is 20%, not plotted for better visualization and (b) axial ion beam current 
Iion- axial as a function of the injecting electron beam energy with adjusted 
extraction voltages, with PAr = 700 mbar and VCb = 9 V. 
Generally the relationship between the total output beam current Iion- total and 
electron beam energy is not very clear (Fig. 4-31-a). Iion-total dropped quickly 
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with the electron beam energy (> 2 kV), but this could not only be the result of 
lower electron impact gas ionization cross-sections. Higher VExt had to be used 
for higher electron beam energy, for example, extraction voltage ≥ -2050 V for 
2 keV electron beam. Therefore the misalignment in the ion source test column 
could also contribute to the drop in the measured currents. Considering the 
poor resolution of the low energy electron beam, the repeatability of the data in 
Fig. 4-31 depends very much on the fine tuning during the electron column 
operation. 
The measured axial ion beam current Iion- axial is in general high for electron 
beam energy between 700 eV to 1.5 keV (Fig. 4-31-b). The resolution of 
examining the optimal electron beam energy currently is limited by the low Br 
ESEM electron beam and ion source test column misalignment. The electron 
gas impact ionization yield is even higher at < 400 eV electron beam energy, 
but this ESEM is not able to focus electrons with < 400 eV beam energy with 
sufficient beam current.  
4.3.6 ESEM final lens working distance  
In principle changing the final focus lens working distance WD also affects 
the electron beam current going into the double-aperture Ie-obj, and the electron 
beam FWHM size. At shorter WD, the final lens focuses electrons into a 
smaller beam spot, therefore a higher Ie-obj, and a smaller electron beam size. 
But a longer WD provides more secondary electron for detections and imaging, 
as shown in Fig. 4-32.  
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Secondary electron images of the double-apertures were taken during 
ESEM operation for two different WD with optimized image contrast and 
brightness setting, as shown in Fig. 4-32. The ESEM image taken with WD=15 
mm has better signal-to-noise ratio than that of WD=10 mm, as more 
secondary electrons were detected, although in principle the electron beam 
resolution should be better with WD= 10 mm. The ion source total current Iion-
total from one of the double-apertures was measured while changing the WD. 
Iion-total reduced about 22% (230 pA to 180 pA) with WD increased from 10.5 
mm to 15.6 mm. Although shorter WD=10 mm gave higher ion current, the SE 
image shows less sharp details in the features, due to lower signal-to-noise 
ratio, comparing to using WD=15 mm. Therefore WD=15 mm was preferred 
and used for experiments in this chapter. 
 
Figure. 4-32. The double-aperture SE images taken during ESEM operation for 
final lens WD=10 and 15 mm with 1 keV elelctron beam. 
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4.3.7 Ion source reduced brightness Br estimation 
From the previous discussions in section 4.3, the axial ion beam current  
Iion-axial has been measured. The ion source reduced brightness Br can be 
estimated using Eq. 4.3. A simple assumption can be made first on the 
unknown ion source virtual source size to estimate the ion source brightness. 
Since ions are generated in a volume (the double-aperture ionization chamber), 
the virtual ion source size is assumed to be near the double-aperture and with 
the same size as the double-aperture diameter (D = 2µm). This is regardless of 
the effects of chip bias and extraction voltage on the ion virtual source size. 
E beam 




Length VCb Iion- axial Br 
 eV V mbar  µm µm V pA A/m2SreV 
500 -750 700 2 95 9 5 21 
700 -750 700 2 95 9 10.5 45 
1000 -1550 700 2 95 9 20 41 
1300 -1550 700 2 95 9 16.7 34 
1500 -1550 700 2 95 9 18 37 
1900 -1950 700 2 95 9 10.3 17 
2200 -2550 700 2 95 9 7 10 
2500 -2550 700 2 95 9 3 4 
                
700 -750 700 2 95 40 50 210 
1000 -1550 700 2 95 35 54 110 
        
Table 4-5. The highest ion axial beam current Iion-axial measured for electron 
beam energy of 0.5 keV to 2.5 keV, assumed a fixed virtual source diameter = 
2 µm, with a fixed double-aperture to angular aperture distance of 10 mm. 
Table 4-5 presents a summary of the highest ion axial beam currents Iion-axial 
measured for electron beam energy from 0.5 keV to 2.5 keV, with a fixed 
double-aperture to angular aperture distance of 10 mm. The ion source reduced 
brightness Br is generally higher for electron beam energy (700 eV – 1500 eV). 
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However, as discussed in section 4.3.4, the ion source test column 
misalignment could be the limiting factor for the low Br with electron beam 
energy greater than 1900 eV. Moreover, since the electron beam size is smaller 
for a higher energy electron beam, the virtual ion source size for electron beam 
with energy greater than 1500 eV is actually smaller than 2 µm. The highest 
ion source reduced brightness Br is about 210 A/m2SreV, about 17. 5% of the 
electron beam reduced brightness (Table 4-4).  
A more accurate way to find the virtual source size is using back ray tracing 
from the angular aperture (AA) plane, as discussed in 2.2 using Lorentz 
simulation. In the following sections, only rays passing through the angular 
aperture will be back traced, as they originate from the virtual source and 
contribute to the current Iion-axial previously measured in experiments. The 
experiments with a 700 eV electron beam (VExt = -750 V) and a 1 keV electron 
beam (VExt = -1550 V) will be simulated, as their measured Iion-axial and 
estimated Br are relatively high (Table 4-5). 
Fig. 4-33 shows the simulated ion virtual source position and virtual source 
diameter dv from Lorentz ray back tracing. Generally the ion virtual source size 
decreases first, then starts to increase with increasing VCb. For VExt = -750 V, 
due to the low extraction voltage, the overall focusing effect is weak, resulting 
in an ion virtual source diameter larger than 1.5 µm. For VExt = -1550 V test 
column, the ion virtual source diameter is smaller than 1 µm.  
 
 




Figure 4-33. The ion virtual source with ion emission angle of ±10° in a well 
aligned test column, With 700 eV injecting electron beam at extraction voltage 
VExt = -750 and 1 keV injecting electron beam at VExt =-1550V. (a) postion and 
(b) diameter vary with increasing chip bias VCb. The dashed lines are just 
connection lines for visualization assistance. 




Figure 4-34. The ion source reduced brightness Br as a function of increasing 
chip bias VCb, with 700 eV injecting electron beam at a fixed extraction voltage 
VExt = -750 V. The dashed lines are just connection lines for visualization 
assistance. 
Together with the axial ion beam current Iion-axial measured in section 4.3, 
the ion source reduced brightness Br was calculated as a function of VCb using 
Eq. 4.3, with the ion virtual diameter dv and its distance from the angular 
aperture L, calculated using Lorentz back ray tracing. Fig. 4-34 presents the 
calculated Br with 700 eV injecting electron beam at extraction voltage VExt = -
750 V. The highest Ar+ reduced brightness is only 25 A/m2SreV at VCb = 18 V. 
This is due to the fact that VExt = -750 V is low for efficient extraction and 
focusing the ion beam, as predicted in Fig. 4-33. The estimated Br assuming 
virtual source diameter equal to the injecting electron beam FWHM width (D= 
1.8 µm) is also plotted for reference. 




Figure 4-35. The ion source reduced brightness Br as a function of increasing 
chip bias VCb, with 1 keV injecting electron beam at a fixed extraction voltage 
VExt = -1550 V. The dashed lines are just connection lines for visualization 
assistance. 
Fig. 4-35 presents the calculated Br with and without a misaligned error Δr= 
100 µm, for an in source test column with 1 keV injecting electron beam at a 
fixed extraction voltage VExt = -1550 V. It shows that the estimated misaligned 
error Δr= 100 µm does not reduce Br much. The highest Ar+ Br is about 700-
800 A/m2SreV (at VCb = 18 V), close to the injecting electron beam reduced 
brightness. Due to the status of the facility, the injecting electron beam by the 
Philip XL30 ESEM delivers a 1 keV electron beam with a FWHM beam 
diameter of ~ 1.3 µm, a beam current of 4-8 nA and a brightness of 880 
A/m2SreV. A conventional field emission SEM is capable to provide a 1 keV 
electron beam with a beam diameter of <100 nm, a beam current of 100 nA -
µA and a brightness of 107 A/m2SreV [34, 61, 74-77]. Employing this electron 
beam, the NAIS ion source is expected to give an ion beam with current of 100 
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times higher, and virtual source size of 100 times smaller. Moreover, by 
improving the double-aperture to extractor alignment, the extraction voltage is 
expected to increase further higher than -2 kV, which results in a few times 
higher reduced brightness (Fig. 2-11 in section 2.2.3). Therefore, in future the 
NAIS source reduced brightness is expected to be ~107 A/m2SreV for Ar+ and 
106-107 A/m2SreV for H2+, which agrees with the simulation results in section 
2.3.2.    
In the brightness calculation discussed in this chapter, the Coulomb effects 
are considered to be small. Since the measured ion source total output current 
is about 200-300 pA and axial ion beam current is 10-50 pA, the Coulomb 
effects from such small beam current is negligible, as discussed in chapter 2.3. 
4.3.8 Ion source experiment in ESEM with helium 
In the previous sections the ion source was tested preliminarily with Ar gas, 
as Ar has a higher electron impact gas ionization cross-section than H2. For the 
application of a compact proton lithography system, H2 gas should be 
introduced to the ionization chamber for H+ or H2+ ions. But the vacuum 
pumping should be carefully examined for safety reasons. Alternatively, 
helium gas was tested, since its molecular mass is close to H2 and it is a safe 
inert gas for operation. Ions of different charge states are generated with 
electron gas impact (mainly He+ and He2+), and the measured Iion- total and Iion- 
axial are the sum of all ions, about 99.95% of which is He+ and 0.5% is He2+ 
with 1 keV electrons [54]. The measured helium ion beam currents are 
presented in Fig. 4-36 and Table 4-6. 




Figure. 4-36. The measured helium total ion output current Iion-total, as a 
function of the (a) gas inlet pressure and (b) chip bias, with 700 eV injecting 
electron beam and VExt = -750 V. 
Similarly to the results with argon gas, the helium ion source total output 
current increase with the gas inlet pressure, and tends to level off at very high 
inlet pressure (900 mbar). Chip bias VCb up to 45-50 V helps to increase the ion 
source total output current Iion-total to ~ 42 pA. The He ion Iion-total is lower than  
that of Ar with the same setting of chip bias, extraction and electron beam, 
since He has lower electron impact gas ionization cross-sections than Ar 
(about 16% of Ar for 700 eV to 1000 eV electrons). The He axial ion beam 
currents were also measured, with the highest value presented in Table 4-6.  
Since the Lorentz simulation model’s ion optics for a charged particle is 
only a function of its charge, He+ ion source would have the same ion virtual 
source size as Ar+. Similar to the Ar ion source brightness estimation, the 
calculated highest He+ Br is 37 A/m2SreV with a 700 eV injecting electron 
beam at VExt = -1550 V and VCb = 9 V (with Δr= 100 µm) and 55 A/m2SreV 
(with Δr = 0 µm) respectively. 
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    eV pA pA pA pA 
        
  
  
    1000 13 2.3 31 2.8 
    Table 4-6. The measured helium ion beam currents Iion-total and Iion-axial, with a 
gas inlet pressure of 700 mbar and a final lens WD=14.6 mm. 
4.4-Summary 
In this chapter, experiments inside a Philips XL30 ESEM for the NAIS ion 
source preliminary characterization are discussed. Source parameters including 
Ar/He gas inlet pressure, chip bias, extraction voltage and the injecting 
electron beam energy were varied, to measure the ion source total output 
current and axial ion beam current. Generally the ion source performs as 
theoretically predicted, and the source reduced brightness is calculated to be 
about 700-800 A/m2SreV, close to the injecting electron beam brightness. The 
source reduced brightness is mainly limited by the low resolution and low 
brightness of the injecting electron beam (≤1 keV). The axial ion beam current 
for Ar and He gas is found to be about 50 and 3 pA respectively, with a beam 
half divergence of ~5 mrad, which is generally good for ion optics. The ion 
source shows potential applications for PBW with future source brightness of 
106-107 A/m2SreV for H2+. The final PBW beam resolution will depend on the 
Chapter 4.4- Summary 
130 
 
actual source reduced brightness and focusing column design, which will be 
discussed in chapter 5. 
In the meantime, experiments show directions for future improvements, 
besides improving the injecting electron beam brightness. The misalignment 
between the source double-aperture and the extractor is the major reason of 
stopping further increasing the extraction voltage for higher beam current and 
brightness. The double-aperture closing up due to the electron charging and 
deposition would limit the life time of the ion source. One solution is to 
improve the electron beam resolution better. It is also advised to keep the 
source region at high vacuum, and to avoid carbon contamination by using oil 
pump in future ion lithography system design. Lastly, a practical improvement 
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Chapter 5–Future improvements of NAIS and evaluation for 
compact PBW application 
The preliminary experiments inside a Philips XL30 ESEM were discussed 
previously using a NAIS ion test column set up in chapter 4. The ion source 
total output current and axial ion beam current were measured, as a function of 
source parameters that include the Ar/He gas inlet pressure, chip bias, 
extraction voltage and the injecting electron beam energy. These parameters 
were varied both experimentally and in simulations, in terms of monitoring the 
ion source reduced brightness Br. In this chapter, suggestions for future work 
are presented.  
The work carried out on this thesis has led to the proposal for a 200 keV 
PBW system, based on the use of the NAIS source at CIBA-NUS to achieve 
fast writing at sub-10 nm resolution. A summary of this project will be given 
here.  
5.1 Improvements towards higher brightness 
The NAIS ion source as developed in this thesis gives an ion output current 
of about 300 pA and reduced brightness of about 750 A/m2SreV. However, 
with a few improvements in the experimental setup, higher ion source 
brightness should be achievable, for example, the extraction field. Due to the 
ion source column misalignment issue, the extractor pulls ions off-axis, 
effectively limiting the extraction field to -2 kV. Because of the fabrication 
limit, the double-aperture to extractor distance is currently 2 mm, which should 




be shortened to 1 mm, to enhance the extraction field strength. Other possible 
improvements are discussed in the following sections. 
5.1.1 A single-chip ion source 
The current ion source chip limits the extraction field penetrating into the 
double aperture region, with a KOH etched pyramid window in the Si + Si3N4 
substrate facing the extractor. Fig.5-1-a shows the simulated equal potential 
lines distribution with extraction voltage VExt = -1550 V, from the source 
double-aperture (Z=0 mm) to the extractor (Z=2 mm) for a perfectly aligned 
ion source test column. The extraction field does not penetrate deep inside the 
Si pyramid window (Z≤ 525 µm). The field distribution near the double-
aperture region is dominated by the chip bias VCb (Fig.5-1-b). In the current ion 
source chip, the two Si substrate surfaces have thin Cr+Au metal layers (~20 
nm). One of the layers serves as the 0 V chip bias electrode, but it follows the 
pyramid shape of the KOH-etched Si marked in Fig. 5-1-a. If the Si substrate 
facing the extractor is removed, and gas channel and double-aperture remain, 
the configuration is shown in Fig.5-2. The single-Si chip has a flat 0 V chip 
bias electrode (Fig. 5-2-a), which allows for higher ion extraction field. 
 





Figure 5-1. The voltage distribution with a two-Si bonded chip at VCb = 9 V 
and VExt = -1550 V. (a) 20 equal-potential lines between the source chip and 
extractor, (b) 20 equal-potential lines at the double-aperture region. 
 
Figure 5-2. The voltage distribution with a single-Si chip at VCb = 9 V and VExt 
= -1550 V. (a) 20 equal-potential lines between the source chip and extractor, 
(b) 20 equal-potential lines at the double aperture region. 
KOH etched 
pyramid 
window in Si 





Figure 5-3. The simulated voltage distribution along the Z-axis for the ion 
source test column setup with two types of chips at VCb = 9 V and VExt = -1550 
V. (a) from source to Z=500 µm, and (b) around the double-aperture region. 
The simulated voltage along the central Z-axis is shown in Fig. 5-3. In 
single-Si chip, the voltage along the Z-axis to the extractor (Z = 0 to 3 mm) is 
more negative. Looking inside the pyramid window of the Si (Z= 1.25 µm to 
500 µm, Fig. 5-3-a), the extraction voltage is more negative in this region. In 
the two-Si bonded chip, the field near the double-aperture region (Z=0 to 15 
µm) is barely affected by the extraction voltage, while in the single-Si chip the 
voltage near the double-aperture (after Z=2 µm) is negative (Fig. 5-3-b). 





Figure 5-4. The electric field distribution along the Z-axis for the ion source 
test column setup with two types of chips with VCb = 9 V and VExt = -1550 V. 
(a) from source to 15 µm and (b) from source to extractor end. 
The electric field along the Z-axis is plotted, as shown in Fig. 5-4.. 
Comparing the axial electric field for the two types of  chips, the two-Si chip 
system has a very small electric field in the region just after the source double-
aperture  (Z=2-100 µm), compared to the single-Si chip. For better ion 
extraction efficiency and reduction of Coulomb effects, a single-Si chip is 
therefore preferred and should be examined in future.  




5.1.2  Ion source chip with metal membrane  
In the current ion source chip, the double-aperture ionization chamber is 
made of two 1 µm thick Si3N4 membranes, with the chip bias applied on the 
coated metal layers. As discussed in chapter 4.3, the ions emitted far away 
from the central axis and with large emission angles collide with the non-
conductive Si3N4 membranes, causing charge build up and creating an 
unwanted field inside the double-aperture. This charging effect is expected to 
be greatly reduced if metal membranes are used. 
 
Figure 5-5. Schematic of a single-Si ion source chip with 100 nm metal 
membranes and two-stage extractor design.  
The ion output current can be increased by increasing VCb. 1 µm Si3N4 
membranes were used initially for better mechanical strength. Because of the 
thickness of the two Si3N4 membranes (2 µm) and the spacing between them 
(~500 nm), a relatively large VCb (~ 20 V) is needed to reach the desired 
electric field ECb inside the double-aperture. This in turn leads to a large ion 
beam energy spread (~ 20 eV), which needs typically to be below 10 eV. In the 




future, thinner metal membranes (100-200 nm) should be investigated. The 
required chip bias is then greatly reduced to 1-2 V. 
An example of a single-Si ion source chip design with 100 nm metal 
membranes and two-stage extractor is shown in Fig 5-5. The injecting 
electrons will be deflected by the extractor. The two-stage extractor is to 
collect the back streamed electrons and reduce electron backing deposition 
onto the double-aperture membrane. The fabrication of this ion source chip is 
feasible, based on micro-fabrication technology discussed in this thesis. 
Prototypes would be experimentally explored in future work.  
5.1.3  A higher brightness electron beam  
The NAIS ion source brightness achieved so far is limited by the low 
brightness primary electron beam of the current Philips XL30 ESEM setup, as 
discussed in chapter 4.3. The electron gun of the ESEM is close to end of its 
operational life and the whole column needs to be cleaned of contaminations. 
For this reason, the injecting electron beam in the present experiments has a 
brightness that is several orders of magnitude lower than it should be. This is 
one of the first things to remedy for future experiments. A higher brightness 
electron beam should be used for the future compact PBW system.  
Khursheed has reported a ring cathode electron source design with an 
electrostatic focusing column (Fig. 5-6) [91]. The simulation results predict an 
electron beam current up to µA with resolution < 20 nm. The electron landing 
energy on the sample can be tuned to less than1 keV. If successful, this 
electron column is an ideal injecting electron beam for NAIS ion source. 




Currently this electron column is under development and research is 
progressing.  
 
Figure 5-6. Schematic of a ring cathode with electrostatic retarding focusing 
lens as an injecting electron beam for NAIS. Image from [91]. 
5.1.4  The ion virtual source size and brightness measurement   
The NAIS ion virtual source size has been calculated using simulation in 
order to estimate the ion source brightness. Future work needs to 
experimentally measure the virtual source size. This can be done by an ion 
beam focusing lens system that forms an image on sample plane. Possible 
electrostatic scanning or stage scanning can be included in the system to scan 
the ion beam over a nickel resolution grid [30] followed by a beam current 
detector. A schematic of such system is shown in Fig. 5-7. 
 
Figure 5-7. Schematic of the ion source test column with focusing lens..  




A focusing lens can be placed after the extractor with retarding field to 
focus the ion beam. Focusing lens could be an Einzel lens consisting of a few 
electrodes. The ion source virtual source diameter dv and brightness Br can be 
back calculated with the probe size dp measured at the sample plane. The lens 
should be operated so that the effect of aberrations on the final probe are 
relatively small compared to the projected image size. 
5.1.5  Ion source energy spread measurement   
To measure the ion source energy spread dE, a retarding field analyzer was 
used by Jun [92], following the design of Simpson [93]. The measured NAIS 
ion source energy spread is a function of the chip bias, extraction voltage and 
gas inlet pressure. Jun [92] reported a 1 eV energy spread measured for the 
NAIS ion source. The retarding field analyzer by Jun [92] consists of 5 
electrodes with smallest aperture diameter of 30 µm, which requires good 
alignment accuracy. A similar design could be fabricated to measure the 
energy spread of the ion source developed in this work. Another way to 
measure dE is to introduce a spectrometer at the sample plane as in Fig. 5-7.  
5.1.6 Ion source test column alignment 
A misalignment between the ion source chip and extractor has been 
observed in the experiments discussed in section 4.3, which limits the 
extraction voltage going higher than -2 kV. In order to improve the alignment 
accuracy (< 20 µm) in the ion source test column, the test column mounting 
could be modified as shown in Fig. 5-8, making use of the injecting electron 
beam for better alignment.  




    
Figure 5-8. Schematic of ion source test column assembly with two stages for 
alignment using an elelctron beam. Components are not drawn in scale as they 
are not designed yet. 
The ion source chip with gas feed line is mounted on the SEM stage.  The 
electrodes (from extractor to focusing lens) and sample will be pre-assembled 
and mounted together using a long working distance optical microscope. Then 
they are fixed on a separate piezo XY stage. A static electron beam can be 
positioned through the ion source test column, with all electrodes and sample 
in the test column grounded. The electron beam current reaching the sample is 
then recorded. By moving the two stages, the source chip and the test column 
component are well aligned when a maximum electron beam current is 
measured at the sample.    
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5.2 Evaluation of a compact PBW system with NAIS 
5.2.1 The proposed compact PBW system  
PBW has the advantage of being able to write high aspect-ratio 3-D nano-
structures in photo-resist, as discussed in chapter 1.1. With developments of 
the NAIS ion source, the expected ion (H2+) source Br is ~2×106A/m2SreV, 
and possibly 107A/m2SreV if more than 1µA injecting electron beam current 
can be delivered from a field emission SEM. A compact PBW system 
employing the NAIS ion source is proposed, as shown in Fig. 5-9. The 
proposed system will have the developed NAIS ion source with extraction 
system discussed in chapter 2.2. Extracted ions (H2+ and H+) will then be 
accelerated to a beam energy up to 200 keV, and focused at the object plane. 
Ions of different mass or charge states will be focused at different positions at 
the object plane, and then to be selected separately. The angular aperture will 
stop scattered ions passing through. Three or four magnetic quadrupole lenses 
will be employed to focus the incoming beam with a demagnification of 10–
170. The focused beam will be directed to the end-station with a working 
distance of 30 mm, where the ion nano-beam will be utilized to write fine 
structures in photo-resists. With the current stage control technology in the 
end-station and the sample holder mounting flatness in CIBA, the sample can 
be positioned to the lens focal plane with an accuracy of ΔZ= ~2 µm in Z-axis. 
If a total beam spread of 1 nm over 2 µm is accepted, this subsequently 
requires a maximum beam divergence α = 0.25 mrad.    




Figure 5-9. Schematics for a compact sub-10 nm PBW system (beam energy 
up to 200 keV) integrated with the electron impact gas ion source NAIS. 
In order to make PBW writing as fast as the Electron Beam Lithography 
(EBL), a H+ beam current IP = 0.2 pA at the image plane is taken for example 
as in Table 5-1. The required proton beam reduced brightness Br estimated by 
the Eq. 1.2 is then about 5 × 104 A/m2SreV, with dP (10 nm) the beam diameter, 
α (0.25 mrad) the beam divergence and V (200 keV) the beam energy at the 
image plane. This  beam brightness is feasible for the NAIS ion source, as 
discussed in chapter 1.3 & 2.3 with H+  Br about 10% of H2+ Br, due to lower 


















Existing PBW [5]  9×32  0.013 1000 ~10 100 
EBL [6, 7] 5×5  20 50 ~107 5 
High Br PBW 7.4×7.5 >0.2 200 105-106 <5 
Table 5-1. Performance comparison of the existing PBW, EBL, and PBW with 
a high Br ion source on writing of a 1 mm x 10 nm line in PMMA. Although 
EBL beam width can be less than a few nm, the writing feature width is 
typically 10-15 nm, due to electron scattering in resist. 
Different electron sources (Schottky, lanthanum hexaboride LaB6, and 
tungsten hairpin W) deliver injecting electron beams with different  
Br-e, as shown in Appendix-1. PBW using a Schottky injector (Schottky-PBW) 
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is assumed to have a maximum H+ Br (~1×106 A/m2SreV) with a virtual source 
diameter of 40- 60 nm, limited by the Coulomb effects in the injecting electron 
beam. LaB6-PBW with virtual source diameter 50- 200 nm is also practical for 
NAIS ion source in PBW system, resulting in maximum H+ Br of 1-3×105 
A/m2SreV. W-PBW H+ Br is too low ~104 A/m2SreV for consideration. 
5.2.2 Focusing the proton beam down to sub-10 nm level using quadrupole 
lens 
Besides the ion source reduced brightness, the ability to focus the proton 
beam into a sub-10 nm probe greatly depends on the quadrupole lens 
configuration. There are two types of lens configurations available in CIBA, 
the low excitation Russian Quadruplet configuration [94] (same demag in X 
and Y) and the Spaced Triplet configuration [24] (different demag in X and Y), 
as shown in Fig. 5-10. Ion optics using these two types of quadrupole lenses 
are simulated using Particle Beam Optics Laboratory 3.0 (PBO Lab) [95] for 
200 keV H+   ion beam to find an optimal lens configuration and beam spot size 
at image plane. To run PBO simulation, an object for the lens has to be 
specified first. An example for designing the acceleration tube with beam 
focusing at the end of the tube is given in [96] for future work. Depending on 
the acceleration tube optics design, the focused beam size at the object plane 
may be larger than the ion virtual source size.  In this thesis for simplicity, it is 
assumed that the object size is equal to the ion virtual source size. In order to 
make the system compact, the distance from this object to the lens is set as 2 m.  




Figure 5-10. (a) The Russian Quadruplet configuration and (b) the Spaced 
Triplet configuration used in PBO simulations. The quadrupole lenses used in 
the configurations are labeled as Q1 to Q4 accordingly. 
Typical input parameters used for the PBO simulations are as follows 
(Table 5-2), considering practical instrument capability: 200 keV proton beam, 
1 part per million (PPM) quadrupole lens magnetic field variation due to lens 
power supply instability, 2eV beam energy spread (~ 1 eV from ion source and 
~1 eV from the 200 kV acceleration power supply with < 5 PPM instability). 
The lens spacing between quadrupole lenses (L in Fig. 5-10) is important as it 
determines the lens demagnification and lens aberrations. L is varied between 
2.5 cm and 10.5 cm, while larger L is not preferred as it brings in challenge in 


































Unit keV ppm V eV A/m2SreV nm 
Value 200 1 1 1 1× 106 60 
Table 5-2. Typical input parameters for PBO, including exmaple of a NAIS ion 
source with Schottky electron injector. 
To calculate the FW50 ion beam diameter dp at the image plane, PBO was 
used to calculate the lens ion optical properties. PBO calculates the first-order 
lens demagnification (demag), second-order (chromatic aberration dC) and 
third-order aberrations (spherical aberration dV), plots the beam size and profile 
at the image plane, excluding the Coulomb interactions effects. The ion optics 
of the quadrupole lens is shown in Appendix-2 with examples of PBO 
calculated lens optical properties (demag, CS and CC) in Table A-2. The beam 
diameter dp at the image plane was then calculated using Eq. A-2.4 to A-2.8, 
following the method by Barth and Kruit [97]. Coulomb effects from source to 
extractor have been examined in chapter 2 and they are included in the source 
Br. When the ion beam energy goes up to 200 keV, the Coulomb effects after 
the extractor are negligible as ions are travelling fast.  
5.2.3 PBW Br and beam size at the image plane 
With demag, CS and CC, calculated by PBO, the beam divergence at the 
image plane α= αe×demag, depends on the beam divergence αe defined by the 
angular aperture, as well as the lens demag. For a proton beam with a fixed 
beam current IP  (e.g. 0.2 pA to make PBW write as fast as EBL in PMMA), αe 
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can be calculated using Eq. A-2.5 for a given proton beam Br with assumed 
virtual source size dv, with beam divergence at the image plane α remains ≤ 
0.25 mrad. The FW50 beam diameter dp at the image plane is then calculated 
using Eq. A-2.4 to A-2.8,  as a function of the combination of the electron 
injector (Schottky or LaB6) and quadrupole lens configurations (lens spacing 
L). 
The results are summarized in Fig. 5-11. Russian Quadruplet with L=2.5 cm 
and Spaced Triplet with L=10.5 cm are preferred as they give smallest beam 
size (<10×10 nm2). The beam sizes are found dominated by contribution from 
the demagnified image dI, which is limited by source Br and lens 
demagnification demag. demag goes up with smaller L in Russian Quadruplet 
(from 8 × 8 to 10× 10) and larger L in Spaced Triplet (from 112 × 20 to 168 × 
28 in X and Y respectively). Moreover, with the preferred lens space L= 2.5cm 
(Russian Quadruplet) and 10.5 cm (Spaced Triplet), the two lens 
configurations can be integrated into one beam line by only switching power 
supplies (Fig. 5-10). Russian Quadruplet uses all lenses (Q1-Q4) while Spaced 
Triplet uses three lenses (Q1, Q3 and Q4). The spacing left by Q2 is exactly 
10.5 cm. 
From Fig. 5-11-a, comparing different ion sources (Schottky-60 nm ion 
virtual source diameter, LaB6-80-to-100 nm) for Russian Quadruplet with L= 
2.5 cm, all protons from these ion sources can be focused to sub-10 nm. But 
LaB6-80 nm gives larger beam half angle α at the image plane (0.30 mrad>0.25 
mrad), while LaB6-100 nm gives α=0.21 mrad. This is because the LaB6-100 
nm has higher Br than LaB6-80 nm ion source (refer to Fig. A-1-b).  




Figure 5-11. The simulated proton beam width in X and Y direction at the 
image plane with different electron injectors and ion source sizes using (a) 
Russian Quadruplet, (b) Spaced Triplet, as a function of the lens spacing L, 
with Coulomb interactions included. 
The discussion in Fig. 5-11 is with fixed beam current of 0.2 pA for 
calculation. More beam current can be accepted by further opening the angular 
aperture Aa, with the same ion source Br and lens configuration. It will also 
effectively increase the beam half angle α at the image plane, until reaching the 
set limit (0.25 mrad). The calculated results of beam width dp as a function of 
the probe current at image plane Ip are shown in Fig. 5-12. 





Figure 5-12. (a) The simulated proton beam width in X and Y direction at the 
image plane (b) beam divergence at the image plane, with different electron 
injectors and ion source sizes using Russian Quadruplet L=2.5 cm, as a 
function of the beam current. 
Schottky-60 nm and LaB6-100 nm sources are taken to calculate the final dp 
at the image plane using Quadruplet with L=2.5 cm as a function of increasing 
beam current Ip. The proton beam width in X and Y direction is shown in Fig. 
5-12-a, plot against Ip. The LaB6-100 nm proton beam width quickly goes up, 
due to the rapidly increasing chromatic and spherical aberrations. Meanwhile 
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Schottky-60 nm proton beam width remains sub-10 nm up to 10 pA beam 
current.  Fig. 5-12-b shows the LaB6-100 nm PBW beam divergence α at the 
image plane becomes larger than 0.25 mrad immediately with increasing Ip. 
Schottky-60 nm proton beam have small α <0.25 mrad, up to Ip =2-3 pA.  
Similarly, ion sources (Schottky-60 nm and LaB6-200 nm) are simulated for 
Spaced Triplet with L=10.5 cm. Plots of the proton beam width in X and Y 
direction are shown in Fig. 5-13-a, as a function of Ip. The beam width stays < 
10 nm in X and Y for Ip <0.5 pA. The X width is much smaller, due to the 
large demag (167.7) in X direction. There is not much room to further increase 
Ip. α in the Y direction is close to 0.25 mrad and in the X direction is > 0.25 
mrad for both Schottky-60 nm and LaB6-200 nm ion sources (Fig. 5-13-b) at Ip 
=0.5 pA. But considering X width is small (~1.8 nm and 2.3 nm respectively 
for Schottky-60 nm and LaB6-200 nm ion sources), larger α=1.8 and 2.3 mrad 
can be accepted in the X direction respectively for more beam current, 
corresponding to a broadened beam width of 7.4 nm and 9.5 nm at Z= +2 µm 
away from the image plane respectively. 




Figure 5-13. (a) The simulated proton beam width in X and Y direction at the 
image plane (b) beam divergence at the image plane, with different electron 
injectors and ion virtual source sizes using Spaced Triplet L=10.5 cm, as a 
function of the beam current. 
In summary Table 5-3, a sub-10 nm resolution compact PBW is shown with 
high Br of 1×106 A/m2SreV and beam current of 2 pA, using Schottky-60 nm 
injector and Russian Quadruplet. Using LaB6-200 nm injector and Spaced 
Triplet, a sub-10 nm resolution compact PBW can be achieved with Br of 
1.2×105 A/m2SreV and beam current of 0.5 pA.  




Schottky-PBW  LaB6-PBW  
Ion virtual source 
diameter (nm) 60 60 100 200 








Lens spacing L (cm) 
2.5 10.5 2.5 10.5 
Extracted current 
from ion source  (pA) 500 500 12 300 
Proton beam size at 
image (nm2) 7.4× 7.5  0.3×4  9.6 × 9.6  1.7 × 8.7  
Proton  beam 
current at image 
(pA) 
2 0.5 0.2 0.5 
Beam divergence at 
image (mrad) 0.23× 0.23 0.24× 0.24 1.8× 0.3 2.4× 0.4 
Proton beam reduced 
brightness 
(A/m2SreV) 
1×106  1×106 7×104  1.2×105  
Writing time 
(second) 0.5 2 5 2 
Table 5-3. Summary of the 200 keV PBW specifications using NAIS with  
LaB6 and Schottky electron injectors, with effects of Coulomb interactions 
included. The writing is performed by lithographic probes in PMMA for a 10 
nm × 1 mm line. 
5.2.4 PBW beam size with beam scanning 
For lithographic applications, beam scanning is required to move the probe 
and write at the sample. The scan length in both X and Y direction should be 
least of a few tens µm. This can be achieved by introducing an electrostatic 
scanner just before the lenses (Fig. 5-10). With a DC voltage up to kV applied 
at the scanning plate, the electric field will deflect the protons with a certain  
transverse angle, therefore result in a beam shift up to few 100s µm at the 
image plane [25]. The beam is deflected away from the lens central axis, 
resulting in off-axis aberrations, thus deteriorates the final beam size. 
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The beam deflection can be simulated in PBO by adding a scanner at 2 cm 
in front of the first lens. Here three lens configurations are simulated in PBO 
with scanning, Russian Quadruplet with L= 2.5 cm, Spaced Triplet with L= 
10.5 cm and Spaced Triplet with L= 2.5 cm. These three lens configurations 
can be easily achieved by switching quadrupole lenses on the same focusing 
table (Fig. 5-10).  The proton beam current is fixed at 0.2 pA in this study. 
Setting a deflection angle up to 2 mrad, the proton beam achieves a scanning 
length of up to ~400 µm at the image plane for Russian Quadruplet and ~50 
µm for Spaced Triplet. The deflection angles in X and Y directions for Spaced 
Triplet are set such that the scan length in X and Y directions are the same. 
PBO plots the final beam size and profile at the image plane. Notice should be 
taken that PBO calculates the final beam size with dI, dS and dC contributions. 
But the final beam size are in FW90, resulting in a larger beam size than FW50 
(up to 2 nm). The results are shown in Fig. 5-14. 
 





Figure 5-14. The simulated proton beam width in X and Y directions at the 
image plane with different electron injectors and ion virtual source sizes as a 
function of the scan length,  using (a) Russian Quadruplet L=2.5 cm, (b) 
Spaced Triplet L=10.5 cm, and (c) Spaced Triplet L=2.5 cm. The proton beam 
current is fixed at 0.2 pA. 
A scan length of ~400 µm both in X and Y axis can be achieved in 
Schottky-60 nm PBW, and 200 µm in LaB6-100 nm PBW with Russian 
Quadruplet L=2.5 cm (Fig. 5-14-a), before the proton beam width exceeds 10 
nm. LaB6-200 nm PBW with large ion virtual source size cannot be focused by 
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this lens configuration to a sub-10 nm beam, although it is expected to deliver 
a higher ion Br than LaB6-100 nm. The scan length of Schottky-60 nm PBW 
with Spaced Triplet (L=10.5cm) is much smaller ~30 µm, and 23 µm for 
LaB6-200 nm PBW (Fig. 5-14-b). This is limited by the larger lens aberrations 
in Spaced Triplet with beam off-axis displacement by the scanner. The scan 
size can be improved to > 50 µm for Schottky-60 nm PBW, if using a Spaced 
Triplet with lens spacing L=2.5 cm, with the LaB6-200 nm PBW scan size 
slightly dropped (Fig. 5-14-c). However, the LaB6-PBW L=10.5 cm gives 
smaller beam size (Fig. 5-14-b), which is still preferred. For larger scan size it 
is possible to achieve with the help of stage scanning. Russian Quadruplet with 
L=2.5cm and Spaced Triplet with L=10.5cm are therefore proposed for the 
compact PBW system, based on the above discussion. 
5.2.5 PBW beam size with energy spread  
In the above ion optics calculations using PBO, the dominant contribution 
to the ion beam diameter dp at the image plane is found to be the demagnified 
source image dI, while the contributions from aberrations are relatively small. 
The chromatic aberration dC is less than 10 % of the total beam diameter dp, 
while spherical aberration dS is even smaller (<2 %). Therefore the beam size 
is source Br limited together with the lens demagnification, with the assumed 
fixed beam energy spread dE (~2eV). Although this energy spread is practical 
to achieve in system design, PBO calculation is also used to examine the effect 
of energy spread on dp at the image plane. 









Figure 5-15. The proton beam width and chromatic abberations in X and Y 
direction at the image plane, as a function of the beam enenrgy spread dE.    
using (a) Russian Quadruplet L=2.5 cm and Schottky-60 nm source (b) 
Russian Quadruplet L=2.5 cm and LaB6-100 nm source, (c) Spaced Triplet 
L=10.5 cm and and Schottky-60 nm source, (d) Spaced Triplet L=10.5 cm and 
LaB6-200 nm source. The proton beam current is fixed at 0.2 pA without beam 
scanning. 
Fig. 5-15 shows examples of the ion beam diameter dp at image plane 
varying with increasing dE up to 15 eV, for different NAIS sources and 
quadrupole lens configurations, following Eq. A-2.8. The beam current is fixed 
(0.2 pA) with fixed angular aperture opening sizes (beam divergence α) 
without beam scanning.  Fig. 5-15-a and b shows that the beam diamter dp in 
PBW systems with Russian Quadruplet L= 2.5 cm are not sensitive to dE. The 
contribution of dC to dp is very small for Schottky-60 nm PBW. dC is slightly 
larger in LaB6-100 nm PBW, as the source Br is lower, the angular aperture is 
thus opened larger to accept more beam current to reach 0.2 pA, corresponding 
to a larger α and dC. 
The increase of dC with larger dE is more significant in PBW systems with 
Spaced Triplet L= 10.5 cm, as this Spaced Triplet lens configuration has larger 
chromatic aberration coefficient CC than Russian Quadruplet L= 2.5 cm. The 
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beam width at X direction is less than 4 nm, but quickly reaches 10 nm in Y 
direction with increasing dE, as the lens demag in Y is smaller than in X (Fig5-
15-c and d). Further increasing dE would result in beam size larger than 10 nm 
in Y. The results presented in Fig. 5-15 are without beam scanning, which in 
fact would further broaden the beam size, as shown in Fig. 5-14. In conclusion, 
the proposed compact 200 keV PBW is capable of accepting dE up to 15 eV 
with still sub-10 nm resolution achievable.  
5.3 Summary 
The experimental design of the NAIS ion source will be further improved in 
future, towards high source Br > 106 A/m2SreV. Possible future works have 
been discussed in this chapter for practical implementing the experiments to 
measure the ion source reduced brightness and energy spread more accurately.    
The idea of developing a compact sub-10 nm level PBW system has been 
discussed. Conventional electron injectors (Schottky and LaB6) have been 
evaluated for proton beam reduced brightness. As a result Schottky-PBW with 
ion virtual source size 60 nm, can achieve sub-10 nm resolution with high 
reduced brightness of ~1×106 A/m2SreV. The LaB6-PBW brightness is about 
one order of magnitude lower than that of the Schottky-PBW, which can also 
be used for sub-10 nm PBW writing application. 
A 10 times higher beam current can be achieved if molecular ions (H2+) are 
used. Moreover, a H2+ ion will split into two H+ ions (each with half of the H2+ 
ion’s energy) immediately after entering the resist. Therefore H2+ penetrate 
shallower into the resist when compared with same energy protons. But SRIM 
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calculation (Fig. 1-7 in chapter 1.1) shows 100 keV H+ beam (equivalent of 






















Chapter 6 Conclusion 
A miniature electron impact gas ion source NAIS has been developed in 
this thesis, for the application of sub-10 nm feature proton beam writing. 
Simulations were carried in this thesis to examine the ion optics from source 
up to extraction region with accurate ion trajectory plot including Coulomb 
effects. The simulations predict that the NAIS ion source is expected to have a 
virtual source diameter < 60 nm, a source reduced brightness of 106 A/m2SreV, 
and an energy spread of  1-2 eV. 
NAIS ion source chips were successfully micro-fabricated using Integrated 
Circuit technology. Preliminary experiments have been carried out in a Philips 
XL30 ESEM, using its primary beam as the injecting electrons. Parameters 
like gas inlet pressure, chip bias, extraction voltage and injecting electron 
beam energy were examined in experiments. The ion source produced a total 
output current of 300 pA for argon ions and 50 pA for helium ions. The ion 
source reduced brightness for argon ions was estimated to be ~750 A/m2SreV, 
with an ion virtual source diameter of ~400 nm. The ion source brightness 
currently is limited by the relative low brightness (~880 A/m2SreV) of the 
ESEM electron beam. With possible improvements in future for thin metal 
double-aperture source chip, better ion source test column alignment, and 
higher injecting electron beam brightness, the ion source reduced brightness is 
expected to be close to the simulation prediction. 
The idea of a compact 200 keV PBW system is introduced at the end of this 
thesis, by employing the developed NAIS source. Using NAIS ion source with 




nm, with a few pA beam current. This compact PBW is expected to have 
reduced brightness 4-5 orders of magnitude higher than that of the current 
PBW system using RF ion source. This compact PBW system is comparable 
with EBL in both writing speed and feature writing size, but has the advantage 
of being able to write high aspect-ratio nano-structures in photo-resist.
The comparison of the RF ion source, the developed NAIS source and future 




















RF ion source 
(H+ ) 1 mm 250 µA 0.01 9×32 10-30 10 
Current NAIS 
(Ar+ )  ~400 nm 300  pA 1
# 9×32# 750 ~18 
Future NAIS 
(H+ )* ~100 nm 2 nA >2 <9×9 10
6 ~1 
# Assumed using the current NAIS source and the existing PBW system to obtain the 
same PBW beam size using the RF ion source. 
* Assumed SEM e beam spot < 60 nm, e beam current 100 nA to 1 µA. 
   Assumed Double-aperture D= 100 nm, metal membranes spacer= 100 nm.  
Table 6-1. Summary comparision of ion sources characteristics for PBW. 
The great improvement in the beam resolution and current could also 
benefit other nuclear microprobe applications, such as high resolution proton 
induced X-ray Emission (PIXE), high resolution Rutherford Backscattering 
Spectrometry (RBS) for nano-structure composition analysis, proton induced 
fluorescence (PIF) and scanning transmission ion microscopy (STIM) imaging 
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Appendix-1 Electron beam size and current with different 
electron emitters 
The proton beam reduced brightness Br is expected proportionally related to 
the electron probe current density Je, as in Eq. 1.8 in chapter 1. The electron 
beam current, current density and final beam spot size changes as the column 
focusing varies. It is very useful to examine analytically the electron beam 
current density, as a result of the electron column focusing optics properties. In 
conventional SEM machines, 1 keV is most the commonly available low beam 
energy. The ion beam reduced brightness Br depends on the electron probe 
current density Je entering the ionization chamber aperture. Je is determined by 
the electron emitters’ optical properties (reduced brightness Bre, energy spread 
δE and virtual source size), the column optical properties (gun lens and probe 
lens spherical aberration coefficient Csg, Cs and chromatic aberration 
coefficient Ccg, Cc) and the electron beam energy.  
There are mainly three types of electron source available with different 
source brightness: Schottky emitter (field emission), LaB6 emitter (thermionic 
emission) and tungsten hair-pin emitter (thermionic emission). Kruit et al. [1, 2] 
have discussed an analytical solution to calculate the electron probe current 
versus full width 50% (FW50) probe diameter for a typical Schottky electron 
column. The electron beam minimum probe diameter de is calculated at a 
certain electron probe current Ie by setting the beam half angle to optimize the 
diffraction contribution to the probe size, and the contributions due to the 
spherical and chromatic aberration. Using a similar approach, the theoretical 




these three electron injectors can be estimated.With the source properties and 











(A/m2SreV) Bre 5×104 1×106 [7] 5×107 
source image size 
(m) dv 3×10-5 1×10-5 5×10-8 
angular current 
density (A/Sr) JΩ 0.177 0.393 5.7×10-4 
Energy spread 
(eV) δE 1.0 1.0 0.4 
Extraction voltage 
(V) Ve 5×103 
gun lens spherical 
aberration 




coefficient (m) Ccg 1×10-2 
E beam 
acceleration 












coefficient (m) Cc 
5×10-4 
 
Table A-1: Summary of the parameters for tungsten hair-pin, LaB6 and 
Schottky electron injectors’ optimal electron probe current density calculation. 
The electron beam is assumed perfectly in focus without astigmatism, coma, 
etc. Fig. A-1-a shows the calculated 1 keV electron probe current as a function 
of the electron beam diameter de for the three electron injectors. The electron 









IJ π=         (1) 
The electron probe current density Je is used to derive the PBW beam 
reduced brightness Br for various ion virtual source sizes.  Fig. A-1-b shows 
the plot of the FW50 proton beam reduced brightness Br (proportional to the 
electron probe current density Je, for various ion virtual source sizes, when 
used with the three electron injectors (tungsten-hair pin, LaB6 or Schottky).  
Coulomb effects is not affecting the proton beam reduced brightness Br as 
discussed in chapter 2 but Coulomb effects limits the Schottky electron beam 
to ~ 1-2 µA at optimal Je, with beam diameter ~ 60 nm (Gaussian σ = 25 nm). 
Therefore PBW using a Schottky injector (Schottky-PBW) has a maximum 
proton Br (~1×106 A/m2SreV) with a virtual source diameter of 40- 60 nm. 
LaB6 and W electron beam has a maximum Je, with optimal electron beam size 
of ~ 8 µm and 13 µm respectively, following Fig. A-1-b. Although the electron 
beam of LaB6 and W emitter is not limited by Coulomb effects, electron beam 
current with 8 µm and 13 µm beam size is large (~ mA), while  LaB6 and W 
has maximum emission current typically 100s µA. It is therefore not practical 
to put all the emission current into the probe with much of the beam being off-
axis. Therefore LaB6 electron beam with 50 to 200 nm beam diameter is 
practical for NAIS ion source in PBW system. This electron beam size is also 
compatible with designing the ion source, for small ion virtual source size. W 
–PBW only results in proton Br < 1×104 A/m2SreV with electron beam 






Figure A-1. Calculated electron probe (a) current, (b) current density and 
output proton beam reduced brightness using Schottky, LaB6 and tungsten-
hair-pin electron source as a function of the ion virtual source size for 1 keV 
electron beam. Different electron sources (Schottky, lanthanum hexaboride 
LaB6, and tungsten hairpin W) deliver injecting electron beam with different 
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Appendix-2. Basic theory of ion optics in quadrupole lenses  
For analysis on quadrupole lens probe forming systems, the general ion 
optics and mathematical formalism have been discussed [1, 2]  and used in the 
simulation software such as PBO Lab.  A charged particle at any specified 
position is represented by a vector X. The interaction of a charged particle 




































        (1) 
With the following definitions,  
x= the horizontal displacement of the arbitrary ray with respect to the 
assumed central trajectory;  
θ= the angle this ray makes in the horizontal plane (XOZ) with respect to 
the assumed central trajectory;  
y= the vertical displacement of the ray with respect to the assumed central 
trajectory;  
φ= the divergence angle of the ray projected onto YOZ plane with respect 




l= the path length difference between the arbitrary ray and the central 
trajectory; 
δ= Δp/p is the fractional momentum deviation of the ray from the assumed 
central trajectory.  
The optics of the quadrupole lens system is represented by a square transfer 
matrix R of first order, a square transfer matrix T of second order and a square 
transfer matrix U of third order etc.. Thus a charged particle passing through 








iji XXXUXXTXRX ∑∑∑ ++=  (2) 
where X(0) is the initial coordinate vector and X(1) is the final coordinate 
vector of the particle. The same transformation matrixes are used for all 
particles traversing a given focusing system. The combined effect of the 
aberrations can be expressed as a series of terms such as 
....../ 31
2
321 +++++++= + θθδθδθδ nnxi CCCCCDemxx  (3) 
where Demx is the demagnification in x direction. The 2nd order terms are 
the chromatics aberration coefficients and the 3rd order terms are the spherical 
aberration coefficients. Higher order terms include off-axis aberrations. The 
ion optics property of a typical quadrupole lens focusing system is shown in 














  A/m2SreV 
Schottky 2×106 








um cm mm PPM 
12.1 2.5 30 1 
Magnetic field at pole tip / T 
Q1  Q2 Q3 Q4 
0.0278149 -0.0631132 0.0631132 -0.02781 
Non-Zero Abberation Coefficients in x and y direction 
units are meters and radians 
1st order - demaganification 2nd order – chromatic 
1/<x|x> 1/<y|y> <x|x'd> <y|y'd> 
-10.5 -10.5 2.872459 5.765569 
3rd order – spherical 
<x|x'3> <x|x'y'2> <y|y'3> <y|x'2y'> 
-1414 -8081 -8689 -8081 
Beam half angle at object (αe)/ mrad Beam half angle at image  (α)/ mrad 
in x in y in x in y 
0.0061 0.0061 0.0637 0.0637 
Chromatic aberration (Cc) / nm Spherical aberration (Cs) / nm 
in x in y in x in y 
0.1046 0.2100 -0.0019 -0.0022 
Image width (dI) /nm Final probe width (dP) /nm 
in x in y in x in y 
-5.714 -5.714 5.715 5.718 
Table A-2: Summary of the ion optics of a Russian Quadruplet lens 
configuration, with a 60 nm ion virtual source size, for 200 keV proton beam. 
With the ion source reduce brightness known and lens properties calculated 
by PBO, the systematic FW50 ion beam diameter dp at the image plane is 
taken as [3] with 
 
dI is the source image contribution after the lens demagnification (demag), dA 
is the diffraction aberration, dS is the spherical aberration and dC is the 
chromatic aberration, as given in Eq. 5 to Eq. 8, and (x,y) denotes the 
contributions in the lateral X and Y directions respectively.  







dv is the ion virtual source diameter, Br is the source reduced brightness and V 
is the proton beam final beam energy, α is the proton beam divergence at the 
image plane (corresponding to a beam divergence αe at the object plane). IP is 
the beam current.  
 
with λ the de Broglie wavelength of ion,  
 
   
Eq. 7 & 8 describe the FW50 spherical aberrations and the chromatic 
aberrations at the image plane in X and Y axis, with CS and CC the lens 
spherical and chromatic aberration coefficients, dE the ion beam energy spread. 
The parameters like lens demag, CS and CC, can be obtained using ion optics 
simulation. The beam divergence α is defined by an angular aperture and ion 








𝑑𝐼(𝐸,𝑦) =  𝑑𝑣𝑑𝑒𝑚𝑎𝑔(𝑥,𝑦) = 2𝜋 � 𝐼𝑃𝐵𝑟𝑉 1𝛼       (5) 
𝑑𝐴(𝐸,𝑦) = 0.54 𝜆𝛼                 (6) 
 
 
𝑑𝑆(𝐸,𝑦) = 0.18𝐶𝑆(𝐸,𝑦) 𝛼𝑒(𝐸,𝑦)3      (7) 
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